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^ilORl’HOLOGICAL AXl) OTHER CHARACTERISTICS OF THE 
AGENT OF FELINE PNEUMONITIS GROWN IN THE 
ALLANTOIC CAVITY OF THE CHICK EMBRYO 

Bv DOROTHY HAMRE, Pn.D., HELEN RtVKE, and GEOFFREY RAKE, M.B. 

{From the Division of Microbiolosy, The Squibb Institute for Medieal Research, 

Kcj: Brunrxick) 

Platts 1 A^D 2 

(Received for publication, Marcli S, 1947) 

Examination of smears and sections of tissues stained with Giemsa or by 
Alacchiavello’s method led to the description of the developmental cycle of the 
Chlamydozoaceac (1), or the Umiphogninuloma-psittacosis group of agents. 
However, because of their small size no details of structure could be seen before 
the development of the electron microscope. By the use of this instrument and 
the adoption of such methods of preparing material for c.xamination as the 
shadow-casting technique of WillLams and Wyckoff (2), and the Hillier and 
Baker (3) modification of replica preparation (Schaefer and Barker (4)), it is 
now possible to study in part the structure of the bodies of the agent. In a 
pre\dous report (5) we presented electron micrographs of the agent of feline 
pneumonitis purified from yolk sac suspensions by differential centrifugation. 
During purification much of the agent was lost, and because of the complex 
nature of yolk, it was difficult to obtain clear preparations. These difficulties 
were largely overcome by using hearily infected allantoic fluid. 

.Growth of the Agent of Feline Pneumonitis in the Allantoic Cavity 

Materid and Methods . — ^The passages were initiated by injecting 0.5 ml. of a 20 per cent 
yolk sac suspension into the allantoic cavity of 10 day old embryos. Eggs were harvested 4 
to 5 days after inoculation and 0.5 ml. of either a 30 to 50 per cent suspension of the chorioal- 
lantoic membmne ground or shaken with beads in allantoic fluid from the same eggs, or 
allantoic fluid alone, was used for passage. 

Results. — ^In early passages the number of elementary" bodies seen in smears 
of the allantoic fluid was small. This is in agreement with the results of 
Francis and Gordon (6) who reported infection of 50 per cent of the eggs in- 
jected into the allantoic cavity with feline pneumonitis in the two passages they 
made. There were no deaths among our eggs until the 8th passage, and, in 
passages following that, the mortality varied from 0 to 30 per cent, but there was 
no definite trend toward higher mortality as passages increased, although the 
amount of agent in the allantoic fluid increased 100-fold from the 13th to the 
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50Ui passage (see below). 'I'lic reason for the failure r;f the .age.-if iirowing in 
the allantoic cavity (o cause death ronsisteiitly is not known; [K'rhaps it is 
because the agent with its toxic factor does ih> 1 itu'ade the grner.d circulation, 
or perhaps the lethal efTcc.l per infective unit of agent is dr. re.'.sed on prolonged 
cultivation in the allantoic .sac. 


y\t the 13lh passage the amount (»f agent in the cliorioali.tnioir tn-tnbranc 
and in the allantoic fluid was determined by titration in the yolk rar, tr.ing 5 
eggs for each tenfold dilution. 'J'hc dose infertions for 50 per cent of tiic eggs 
(IDbo), determined by the method of Reed and Murneb (7), of the ehnrinall.sn* 
toic membrane suspended in broth was and of the allantoic fluid lO"" k 

After 30 serial passages in the allantoic c.avity, the amount of agent in smears 
of the allantoic fluid increased, and often “micro rolonic-s'' or clusters of elernen* 
tarj’’ bodies were seen. These were circular in .shape, sornelimrs larger th.an an 
oil immersion field and usually contained no recogniTablc fragments of cellular 
material. 

When the amounts of agent in the chorioalkanloic membrane and allantoic 
fluid were determined at the SOth passage (Table I), it was found tliat the IDso 
of the allantoic fluid on the Sib day after inoculation was lO"’''’ n.s compared 
with 10“® * at the 13th passage. The titers of both the membrane and the 
fluid were highest on the 5th day following inoculation. On the 6th and 7th 
days the titer of the membrane changed little if at all, while that of the allantoic 
fluid fell significantly. 

Multiplication of the agent in the allantoic cavity was slower than in the yolk 
sac where the amount of agent increased 4.5 logs between 24 and 48 hours after 
inoculation with 10®-° infectious doses (8). Also a much larger infective dose 
was required in the allantoic sac in order to obtain ma.ximal titers of agent in 5 
days. With inocula containing less than 10' ® infective doses, the agent could 
not be found in smears of allantoic fluid 6 days after infection. 

Suspensions of chorioallantoic membranes in allantoic fluid from heavily 
infected eggs were rapidly fatal to mice when injected intravenously, indicating 
the presence of the toxic substance already described (9). This was confirmed 
by a toxin neutralization test using antiserum prepared in rabbits against the 
feline pneumonitis toxin in j'olk sac suspensions (Table 11). 


Chorioallantoic membranes from 7 eggs were pooled, weighed, .and shaken with combined 
allantoic and amnioUc fluids from 3 of these eggs, so as to give I gm- of tissue to 3 ml. of total 
suspension. The membranes and fluids were those containing the most agent .as shown by 
examination of smears stained by Maccliiavcllo’s method. The suspension was shaken with 
beads for 20 minutes, centrifuged at 2000 r.p.m. for 15 minutes, and then diluted witli yolk and 
fluids from normal 6 to 8 day old embryonated eggs. In the titration 14 gm. Swiss mice were 
given 0.5 ml. intravenously of die dilutions of toxin shown in the table. 

Serum from rabbit 7-5, bleeding 12/1, was obtained after 3 weeks of immunisiation with 
toxin prepared from yolk sacs heavily infected with the agent of feline pneumonitis. All in- 
jections were intravenous and the schedule described in the paper of Rake and Jones (10) for 
the preparation of antisera was followed. 
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Tliif fcrum prcpnmlion had protected mice .apainsl two lethal do?ea of toxic factor derived 
fromyolkMcatadihitionof 1/SOOhut not .at 1 /JOOO when last tened.^yc.am before (9). Tor 
the present experiment serum dilutions were prepared in yolk and fluids from nonnal cmhiy- 
onated epps $ 0 . as to give, when mixe<l with equal parts of l/.l suspension of toxin,. a 1/6 dilution 
of toxin and twofold dilutions of scrum from l/200to l/lfOO. These mixtures were inaihaterl 
at room temperature for 2 hours and then 0..'! ini. inoculated intravenously into !•> pm. Swiss 
mice. Tlie results arc shown in Table II. 


TABLF. I 


The Ancunt cj /tpent in the Ckerie^Uantcic Membrane end in the Allanloic Fluid 


Tmr niter inoraUtioa 

IDitof 

Cboriojlhntoic mcmbnr.c 

Allantoic (laM 

0 hour 

lo-** 

10-- 

1st day 

10-‘-‘ 

10-<‘ 

2nd day 

lO-** 

10-7.* 

3rd day 

10-‘-* 

10-7* 

4th d.aj’ 

10-‘‘ 

10-7> 

Slh daj' 

10-».« 

10-*» 

6lh day 

10-*-» 

10-7J 

7 th day 

lO-'-* 

lO-*-’ 


TABLE II 


Toxin from Feline Pneumonitis Groum in the Allanloie Caoity end Its HeuSralizaJion by Specify 

Antitoxin 


Dilution of 

Dilution of 

Time of death of mouse Xo, 



1 

2 

3 

4 

1 

5 



hrs. 

hrs. 

hr,. 

hr,. 

hrj. 

1/3 

— 

<18 

<18 

<18 

<18 

<18 

1/6 

— 

<18 

<18 

<18 

<18 

<18 

1/12 

— 

<18 

22 

25 

25 

<88 

1/24 

— 

<42 

<88 

<88 

<88 

<112 , 

1/6 

1/200 

<66 

S 

S 

S 

S 

1/6 

1/400 

24 

24 

<42 

S 

S 

1/6 

1/800 

<16 

20 

<42 

<42 

<42 

1/6 

1/1600 

<16 

<16 

<16 

<16 

<20 


Figures in bold-face t 3 -pe are deaths due to infection rather than toxin. 
S indicates suiaival for 21 days. 


Method of Purification of the Agent for Photography.— It was found that most 
of the agent was present in the sediment after centrifuging for 30 minutes at 
3600 R.p.M. in an angle centrifuge. 

The inf^ted allantoic fluid, therefore, was purified by the following process. The first 
centrifugation, in an ordinarj- centrifuge at 800 e.p.m. for 10 minutes, removed most of the 
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cells. (Chilling of the eggs for S hours before harvesting the fluid prevented bleeding into the 
allantoic fluid.) Thesupematewns tlien spun atfldOOR.P.M. for flOminutc.sin Ihcnnglcccntri- 
fuge, and the sediment from tliis centrifugation was resuspended in saline or in distilled water 
and reeentrifuged at tlie same speed for 30 minutes. The sedimen t was resuspended in a small 
volume of saline or distilled water, concentrating the agent 5 to 10 times. A small drop of this 
suspension was dried on the collodion-coated screen, and if saline had been used in the process 
of purification the screens were washed with distilled water. Some preparations were shad- 
owed with gold (2) under vacuum of the order of 0.00003 mm. Hg in a device ricsigned and 
built by Dr. H. Sidney Newcomer. 

Replicas were made by pouring a solution of 1 per cent collodion in amyl acetate over a dried 
film of the suspension of agent on a clean glass slide. After carefully removing the collodion 
film by floating it off in water, screens were dropped onto the film, then removed with the 
adhering film, dried, and shadowed wdth gold, utilizing tlie device and method described in the 
preceding paragraph. Since the elementary bodies tlicmselvcs arc not exposed to high vacuum 
this technique does not contribute to the distortion of the agent. 

The preparations were examined with an RCA electron microscope tj-pe EMU. 

Morphological Characters 

Elementar}^ bodies purified from allantoic fluid (Fig. 1) arc similar in appear- 
ance to those purified from yolk sac (5). The irregularity of the surface caused 
by distortion of the body during drying, giving the body the appearance of a 
wrinkled half pea, is clearly shown in Fig. 2 of gold-shadowed replicas of the 
elementary bodies, and in Figs. 3 and 4 of the gold-shadowed bodies and the 
shapes of their shadows. Sometimes the bodies resemble hollow rubber balls 
with one side punched in (Fig. 5). 

These pictures also show that at least two components make up the elemen- 
tary body, a dense substance, usually centrally located, and a surrounding 
thinner substance which seems to represent a limiting membrane from which 
the central mass has shrunken away. 

It is possible that these two components e.xist in the living state in the relation 
to one another shown in these photographs. However, it is probable that this 
apparent separation into two components may be due entirely to distortion of 
the bodies during drying. 

Elementary bodies in chains, pairs, and clusters can be seen in Figs. 3, 5, 6, 
and 7 . In clusters, the elementary bodies give the impression of possessing a 
sticky substance on their surfaces (Fig. 6). 

The group of elementary bodies in Fig. 7 appears to be enmeshed in a matrix, 
composed of strands of material some of which are connected to the elementarj' 
bodies. The material in the background is somewhat similar in appearance to 
the ether-soluble antigen of Rickettsia shown in electron micrographs by 
Shepard and Wyckofli (11). 

The average size of the gold-shadowed elementary bodies was calculated from 
measurements of 92 bodies. The mean diameter is 525 mu with a standard 
deviation of ±84 m^ and a standard error of ±5.5 per cent. The size ranges 
from 303 mfi to 728 mu, with 73 per cent of the measurements lying between 



D. lUMRK, n. R,\Ki;, AKD G. RAKH 


5 


46S and 572 mji. This variation in size of the elementary bodies can l)c seen 
in Fie. 4. Only a small number of measurements of unshadowed elcmcnlar>- 
bodies from allantoic fluid were made. From data on 15 elementars- bodies, 
the mean diameter is 479 mii with a standard deviation of rb44 mfi and a 
standard error of d=4.SS per cent. This aerccs with previous measurements of 
clemcntaiy* bodies from yolk sac suspensions, in which the mean diameter was 
455 mfi (5). 

When the height of the bodies was calculated from the Icngtli of tiie shadows 
and the angle at which the gold was cast, it varied from 175 m/r to 375 m/r for 
23 measurements. Tins confirms the impression that the agent flattens out on 
drying and indicates that the figures given here for the mean diameter of the 
clemcntaiy bodies probably differ considerably from the true dimensions in the 
natural state. In this connection it might be pointed out that another related 
agent with very similar morphologj' both with the light and the electron (5) 
microscopes, i.c. that of lymphogranuloma venereum, has been found by direct 
measurement with a light microscope to be between 200 to 400 mp in diameter 
(12, 13). 

The impression gained from this study is that the elementary bodies of the 
agent of feline pneumonitis are cither spherical or hemispherical bodies with a 
limiting membrane. Since they contain a large amount of water, an inference 
justified by the amount of distortion that occurs during diadng, it is difficult 
to decide, from electron micrographs, what the actual shape of the bodies is. 

SUiUIARY 

The agent of feline pneumonitis has been grown in the allantoic cavity for 50 
serial passages. During this time the amount of agent in allantoic fluid in- 
creased about 100-fold. The titer of the agent in the allantoic fluid of the 
indiN-idual embryo reached a peak on the 5th day and then declined. Large 
inocula were required in order to obtain maximal titers. The toxic factor was 
present in suspensions of chorioallantoic membranes in allantoic fluid from 
heavily infected eggs, and could be neutralized by the specific antitoxin pro- 
duced in rabbits by injection of toxin in yolk sac suspensions. 

Electron micrographs of the agent of feline pneumonitis grown in the allan- 
toic ca\*iy show that the elementary body is composed of a dense centrally 
located substance surrounded by a thinner material, part or all of which is the 
limiting membrane. Separation of these two portions of the body may be due 
partiaUy or entirely to distortion during dry'ing. The wrinkled surface of the 
elementarj' bodies is evidence that such distortion does occur. The average 
diameter of gold-shadowed bodies is 525 m/i. 

The authors are indebted to John J. Oskay for technical assistance. 
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EXPLANATION OF PLATES 
Plate 1 

Fig. 1. Elementaiy bodies not shadowed with gold. X 14,160. 

Fig. 2. Replicas of elementary bodies, gold-shadowed, 21.6 mg. of gold, angle 22°, 
12 cm. distance. X 14,160. 

Fig. 3. Elementary bodies in chains, gold-shadowed, 23.5 mg. of gold, angle 12°, 
10 cm. distance. X 14,160. 

Fig. 4. Elementary bodies gold-shadowed, 23.5 mg. of gold, angle 12°, 10 cm. 
distance. X 14,160. 

Fig. S. a group of elementary bodies gold-shadowed, 23.5 mg. of gold, angle 12°, 
10 cm, distance. X 14,160. 







Pi-ATi; 2 

Fig. 6. Grouj) of elementary bodies "olfl-sliadowed, 21.7 my. of yokl, anyle 11 
10 cm. distance. X 14,160. 

Fig. 7. Elementary bodies enmeshed in a matri.x, yold-sbadowed, 2.>.5 my. of yok 
angle 12°, 10 cm. distance. X 14,160. 
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ABSORPTION FROM Till-: PULMONARY ALVKOLl 

By CECIL K. DRINKER, M.D., AKD ESTHER IIARDENTJERGII 

{From the Departmetit cj rhynology, Ilarrard School of Public Health, Boston) 

Piatt, 3 

(Received for publication, Marcli 25, 19-17) 

The waj-s in which molecules of diflcrcnl sizes, and finally visible particles, 
including bacteria, arc absorbed from the lungs, present recurring problems to 
those concerned with many aspects of medicine and surgeiy. In this communi- 
cation findings arc recorded which have been gathered through the last four 
years with the adYTintagc of new technical methods. 

The routes of absorption from normal lung alveoli require passage through 
the epithelial lining of the alveoli and then the crossing of endothelium-lined 
blood capillaries into thcblood or, if the second available route is to be followed, 
penetration of a hmiphatic capillarj- through a delicate endothelial wall into 
the lymph stream. There is no doubt that bronchiolar absoqition occurs, but 
both from the surface area available and the anatomical barriers imposed, it is 
of little importance compared with the absoqition from the alveoli. 

Experimental Technique 

In eveij- ease dogs have been the cxperiracntal animals and have been anesthetized aith 
35 mg. per kilo of pentobarbital sodium (nembutal) given intravenously and repeated when- 
ever necessarj'. The route of absorption into the blood capillaries in the lungs needs no com- 
ment. Absorption through the lung Ijmphatics is not so familiar and the anatomical consid- 
erations governing this pathway for removal of foreign material require explanation, since the 
validity of the experiments which will be described depends upon knowledge of the \-ariablc 
arrangements of the lung IjTnphatics and ability to cope with these variations. 

Lj-mph from the lungs enters the blood through the right l>Tnphatic duct, only a very small 
part of the left upper lobe being drained by the thoracic ducL .Although it is true that right 
duct lymph invariably represents drainage of the lungs, it is unfortunately the fact that con- 
nections between the thoracic duct and the right lymphatic duct are frequent In the dog. 
Freeman (1) found that in 12but of 25 animals there were connections between the two ducts. 
This, for man, if true, is of the highest importance when thoracic duct obstruction occurs, or 
when it becomes necessary to tie the thoracic duct near to entrance into the left subclavian 
vdn. But for the investigator who wishes to collect lung Ij-mph n-ith no additions except an 
inevitable small increment from the heart, it becomes veiy trying to encounter a series of 
animals in which the right duct lymph is grossly similar to that of the thoradc duct, in that 
both contain chyle. But with patience and experience, it eventually develops that in about 
one experiment in three, the right Ij-mphatic duct can be cannulated and will deliver no K-mph 
save that from the heart and lungs. There are no reliable directions for finding the right 
lymphatic duct. The technique could be made to seem quite simple by directing the dissector 
to follow the right cervical Ij-mphatic vessel down to its junction -with the right duct The 
difficulty is that this direct means of finding the right duct is reliably unreliable. The right 
duct in the dog usually joins the axiflarj- vein just above the first rib. With sufficient fre- 

7 



8 


ABSORPTION PROM PULMONARY ALVEOLI 


quency to alleviate discouragement, one sees the right duct come clcarl}' into view just above 
lie first rib, and the entrance into the vein is plain. But lymphatics in all parts of the body 
have a versatile irregularity of position and connection, and consequently tlie right lymphatic 
duct may be found emptying into different veins in unexpected planes at the base of tlic neck. 
Fortunately, as has been described in some detail by Drinker ( 2 ), it is possible to ascertain 
whether the lymph being collected from the right duct is actually fiom the lungs. This is 
learned by the simple expedient of instilling 5 to 10 cc. of 0.5 or 1 per cent T-1824 in Ringer’s 
solution into the lung alveoli. It will be found that this intense blue dye will usually color the 
right duct lymph in 20 to 30 minutes but will not be detectable in the thoracic duct lymph 
until much later. This latter development expresses the absorption of the dye by the blood 
passing through the lungs, and is merely an indication of the generalized distribution of the 
blue compound in the tissue fluid all over the body. What is of consequence is the fact that if 
T-1824 reaches the pulmonarj' alveoli, it is seen in a short time in lymph coming from the 
lungs. A further control of the situation provided by right duct cannulation can be gained 
by subcutaneous injection of a graphite or very dilute India ink solution into a hind foot. If 
the site of this injection is massaged and the foot moved passively, the black injection mass 
appears promptly in the thoradc duct lymph and is not evident in right duct lymph, unless 
there is connection between the two sides. 

In summary, it is apparent that if the thoracic duct and right lymphatic duct arc cannulated, 
and if diffusible foreign materials readily identified in low concentrations are instilled into the 
lung alveoli, the observer can ascertain whether absorption has been into the blood or into the 
lymph, and the time required for the beginning of removal as well as an approximation of the 
rate and probable success of alveolar clearance can also be obtained. 

EXPERIMENTS 

The ease with which water and solutes up to about the dimensions of egg 
albumin are absorbed from the lungs is not adequately realized by physiologists 
and clinicians. The facts are that water leaves the pulmonary alveoli to pass 
into the blood capillaries with a degree of rapidity quite consonant with the 
profuse blood capillary area available for absorption in tire lungs. Winternitz 
and Smith (3) instilled physiological salt solution into the trachea of an anesthe- 
tized dog and found prompt removal of large amounts of fluid. When phenol- 
sulfonphthalein was added to the salt solution it appeared in the urine at once. 
These experiments mean that there is no alveolar barrier to the passage of water 
nor of small molecules and that the lung capillaries carrying blood at a relatively 
low pressure are easily accessible and very effective as a means of absorption. 
It will enforce this statement to summarize a simple e.xperiment: — 

A dog anesthetized with nembutal was prepared for observation by cannulation of the tho- 
racic and right lymphatic ducts. The obvious presence of chyle in the thoracic duct lymph 
and absence in right duct lymph indicated lack of communication between lung lymphatic and 
thoracic duct drainage. Ten cc. of a 1 per cent solution of T-1824 in physiological salt solution 
was instilled intratracheally, tlie dog being inclined head up at about a 30° angle during the 
instillation and for some minutes afterwards. Within 20 minutes the right duct lymph became 
blue and in a short time blood specimens showed a faint blue tinge in the plasma. This meant 
that in a dog with no possibility of lymphatic delivery of dye into the blood, molecules of this 
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dye passed through the alveolar cplllicVium to reach the alveolar blood caplllarica and then 
entered the blood. At tlic same time dye molecules reached the lung lymph on the way to the 
right duel and deUvesy into the right axillary’ vein. Cannulalion of the right duct di.'closcd 
this path of rcmov.al from the lungs, but though the concentration of dye in the lymph was very 
high, so that the fluid collected nas an opaque deep blue, one could not escape the fact that 
simultaneously with lymph absorption of dye molecules there had been a steady and cfiicicnt. 
absorption directly into the blood. Had there been no interference srilli lymph delivery to the 
blood through the normal route, blood concentrations of dye might have become higher, but 
this obvious point is not the true concern of the experiment. 

It is the fact tliat intraalvcoUr molecules, even of fairly large size as repre- 
sented by the dye T-1S24, enter the blood capillaries quickly and the main route 
for lung clearance of such foreign instillations is the blood. If Ijunphatic con- 
nections are normal, that is, unbroken by the cannulations possible to the 
experimenter, additional increments of dye absorbed by the lung lymphatics 
will reach the blood through the right duel and to a verj* minor degree through 
the thoracic duct. 

These facts arc of more than experimental significance. For c.xamplc, peni- 
cillin by inhalation was advocated early in the iiistor}’' of the drug for direct 
medication of bronchiectatic caidtics and suppurative conditions in the lungs. 
It is doubtful how far inhaled mists containing penicillin rcadi suppurative foci 
•which it is hoped they tvill affect favorably. At the same time there oinnot be 
any question that the intrapulraonarj’ absorption of inhaled penicillin is 
extremely effective and one can rely on high blood litres of penicillin adminis- 
tered b}' inhalation. 

It is now known (4) that T-1S24 forms some sort of combination, chiefly with 
albumin, and in this way the molecule of blue dye is effectively increased in 
size and diffuses through living membranes ver}' slowly. If T-1 824 is vaporized 
in watery’ solution and a dog breathes the blue mist, which is wholly non-irritat- 
ing, the blood plasma becomes strikingly blue in a short time. There is 
absorption by the lung Ij-mphatics, as cannulalion of the right Ijunphatic duct 
shows, but it is insignificant in amount compared with the ready entrance into 
the blood. 

In contrast to the experiments upon ready absorption of T-1824 in water, a 
number of experiments have been done in which the dye, in 0.5 to 1 per cent 
concentration, has been dissolved in Ringer’s solution and then various proteins 
added, gitong in each case a concentration of 2.0 to 5.0 per cent of protein. At 
the start, fresh heparinized dog plasma was used ; later, highly purified serum 
albuiM; and finally, egg albumin. Li aU these cases the dye combines •with 
protem, and on dialyzing the blue solution against Ringer’s solution many hours 
are required before the salt solution shows recognizable traces of blue color. 
In addition to these proteins, experiments were also made with hemoglobin 
solutions. Hemoglobin does not combine with T-1824. It was our hope that 
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if absorption into the lymph occurred, it would be evident through red color in 
the right duct lymph. This did not happen to a recognizable degree. 

Typical experiments are as follows: — 

i. Blood Plasma Phis T-1824 — 

Dog weight, 11.8 kg. 

9:15 a.m. 9 cc. of 5 per cent nembutal, intravenously. 

10 : 05. Intratracheal inj ection of 6.0 cc. of a solution which contained 0.5 per cent T-1824 
plus heparinized dog plasma making an eventual concentration of 4.4 per cent protein. 

10:15. 5 cc. same solution intratrachcally. During these instillations the board was ele- 
vated for 15 minutes so as to give a 30° angle, head up position. 

10:35. 200 cc. Ringer’s solution intravenously — slowly. 

11:25. Thoracic duct cannulatcd. Lymph flow rapid. 

11:30. Right Ij'mphatic duct cannulatcd. Lymph flow excellent. 

11:42. Blood pressure record from left femoral artery. 

11:48. Second blood pressure record. 

11:49. Artificial respiration given through tracheal cannula by means of a pump supplying 
air under positive pressure for inspiration, expiration being normal, that is, without suction. 
The pump used can be set for rate and minute volume of delivery where the animal ceases all 
efforts to breathe in its natural maimer. 

12 : 10 p.m. 5 cc. of blood from left external jugular vein. Centrifuged at once. No blue 
color. 

12:56. 1 cc., 5 per cent nembutal, intravenously. 

1:13. 1 cc., 5 per cent nembutal, intravenously. 

1 :32. Third blood pressure record. 

1 :56. 1 cc., 5 per cent nembutal, intravenously. 

2:10. Fourth blood pressure record. 

2:11, Dog bled to death from femoral artery. Blood specimen centrifuged. No blue 
color. 

Autopsy . — The largest part of the blue solution given intratracheally entered the lower right 
lobe which was intensely blue. There was a small degree of blue color posteriorly in all the 
other lobes on both sides. 

The right lymphatic duct and the vessels combining to form it showed no blue discoloration. 
The right tracheobronchial lymph node was very faintb’- blue, indicating slight absorption but 
not enough to pass through the node and reach the draining trunks leading eventually to the 
right lymphatic duct, tlie lymph from which never showed blue color. 

Comment . — In tins animal, observed for 4 hours after intratracheal instillation 
of a T-1824 and blood plasma solution, there was no delivery of the solution to 
the blood nor to the right lymph duct and thoracic duct. E.xperience has shown 
that had the solution been protein-free, right duct lymph would have become 
intensely blue in about 20 to 30 minutes and the blood appreciably so within 
the first hour. 

The animal remained in e.xcellent condition throughout the entire e.xperiment. 
Positive pressure artificial respiration was applied, not because the condition 
of the dog required it, but because the squeezing effect on the lungs of the posi- 
tive inspirator}’- blast of air greatly intensifies lymph drainage from the lungs 
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and assures the appearance of the blue solution in the right duct lymph, since 
it is forced out into the interstitial tissue of the lungs and tlicn into capillary’ 
lymphatics. When sucli an injection is made directly info the lung paren- 
chyma, though part of the blue solution is intraalveola r, the j)rotc(tion against 
absorjnion offered by the normal alveolar epithelium is lost to a fair degree and 
even if the solution does contain protein, lymphatic entrance is rc.adily accom- 
plished. This fact must be clear enough since one of the functions, indeed, 
possibly the most important function under normal conditions, of the ca- 
pillary' lymphatics is to remove c.xccss protein which has escaped from the 
blood capillaries. 

In Te.\t-fig. 1, tlie details of blood pressure, protein content and flow of right 
duct lymph, and flow of thoracic duct lymph arc given for the c.vpcriment in 
whicli plasma plus T-1S24 was given inlratmchcally. 



Text-Fig. 1. The detafls of Experiment 1 in which T-1824 in a Ringer-plasma solution was 
^ven intratracheally to a dog. Curx'cs from top to bottom; B.P., blood pressure in millime- 
ters of mercury; R.DX., right duct lymph protein in grams percent; TJ)X., thoradc duct 
l>-mph in cubic centimeters per minute; R.D.L., right duct Ij-mph in milligrams per minute. 
Ordinates, as designated. Abscissae, time in hours. 

2. Serum Albumin . — 

In this experiment the animal was anesthetized with nembutal, the thoradc and right 
lymphatic ducts carmukted, and 11 cc. of a 4 per cent solution of purified borine serum albu- 
min, obtained from Dr. Charles A. Janeway, was instilled intratracheally. 

The serum albumin employed was a crystallized bor-ine albumin prepared by Dr, Walter L. 
Hughes, from the Department of Phj-sical Chemistry at the Har\-ard Medical School, and in 
use by Dr. Janeway for immunological experiments. It was a 24 per cent solution in isotonic 
saline with a pH of about 6.8. It contained merthiokte, 1 to 15,000, as a presers-ative. Dr. 
Janeway considered that the preparation contained about 0.1 per cent of globulin, being, thus, 
99.9 per cent pure albumin. This stock solution was diluted to 4.0 per cent prior to use’in the 
lung absorption experiments. Jso T-1824 was added. 

Dr. William H. Batchelor, a student in Dr. Janeway’s laboratory', determined the bor-ine 
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albumin content of blood and lymph specimens as follows: The co’stalllzed bovine albumin 
content of the specimen received was determined by precipitation, using rabbit antiserum in 
the range of antibody excess. The nitrogen content of the washed precipitate was determined 
by a micro-Kjeldahl technique. Using a calibration curve, prepared for the particular anti- 
serum, these nitrogen values (actually the equivalent of the nitrogen values in terms of tlic 
amount of n/70 HCl needed to neutralize the ammonia) were compared with those gained by 
using known amounts of protein. Dog serum proteins do not yield precipitates with the 
antiserum. The error is probably within 20 per cent. 

Artificial respiration was employed intermittently in order to accelerate Uie flow of lung 
lymph. 

Specimens of lymph from the right duct and the tlioracic duct were taken at approximately 
hourly intervals for 4 hours following intratracheal administration of the albumin solution. 
Blood specimens were secured before, during, and at the close of the 4 hour period of ob- 
servation. 

Five samples of thoracic duct lymph were all negative for albumin as were the blood 
samples. 

The results relative to the right duct Ij'mph were as shown in Table I. 

TABLE I 


The Detection in Right Duct Lymph of CrystaHine Bovine Albumin Dissolved in Saline and 

Introduced Intratrachcally in the Dog 


Time 

No. of 
Specimen 

Albumin 
(-(- or -) 

Amount of 
specimen 

Remarks 

p.m. 


ms, per cent 



12:15-1:25 

1 

j 



1:40 




Instillation of albumin solu- 





tion 

1:25-3:00 

2 

Trace 



3:00-4:30 

3 

5.75 



4:30-5:40 

4 

25.75 i 

1.3 



Coimnenl . — In this case it is evident that a small degree of transfer of intra- 
alveolar albumin to the right lymphatic duct began shortl}'- after instillation 
and increased over the next few hours but never reached high values. It must 
be remembered that right duct Ijonph drainage was forced by artificial respira- 
tion and would have been less under normal conditions of breathing. Also, it 
is significant that even at the close of this experiment the blood did not contain 
a detectable amount of albumin. 

3. Egg Albumin . — 

In this experiment a dog was given nembutal intravenously and the thoracic duct and 
right lymphatic ducts were cannulated. A cannula was inserted in tlie’ trachea to permit 
artificial respiration. Purified egg albumin, supplied by Dr. Gertrude E. Perlmann from the 
Massachusetts General Hospital, was made from fresh eggs, the egg white being recrystallized 
three times and stored at 3°C. under a saturated solution of ammonium sulfate. Before use, 
the preparation was dissolved in distilled water and dialyzed for 24 hours against r unnin g 
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dislillcd water, and tlicn against smaller volumes o( distilled svatcr until ammonium sulfate- 
free. The di.aU-sis was carried out at 3'C. Tlic eventual solution was found to contain 6.9 
per cent egg albumin. This solution was then diluted to 4 per cent albumin and 1 per cent 
T-1S24 in 0.9 per cent saline. It was in turn dialj-zcd against 0.9 per cent salt solution and no 
release of •T-1S24 occurred. One can, therefore, conclude that in the ease of egg .albumin, 
there is a combination of T-1824 with tlic protein, and Uic blue dye scra-es as an indicator of 
the movement of the egg rdbumin molecule. In tliis experiment 1 f cc. of 4 per cent albumin 
plus 1 per cent T-1S24 were given intratrachcally at 12:40 p.m., the dog Iteing inclined head up 
during the instillation and for a short time tliercaftcr. The results in right duct lymph arc 
summarized in Table II. 

Commcitl . — ^In the ease of purified egg albumin there is evidence that slight 
traces of the protein did pass through the alveolar walls and reach the right duct 
drainage route, but absorption was just recognizable and no blue color was 
detected in tJioracic duct lymph nor in blood plasma. 


TABLE II 

RauUs Obtained in Right Duct Lymph When a Solution of Purified Egg Albumin Plus T-lSSi 

Was Instilled Intratracheally 


Tine 

LjTEph 

Protein 

Resarts 

f.rt. 

fn. 

per cent 


12:25-12:40 

0.54 

3.12 


12:40- 1:40 

1.3 

3.03 

Intratracheal instillation egg albumin 
plus T.1824 at 12:40 

1:40- 2:40 

1.5 

1 2.72 


2:40- 3:40 

1.3 

3.01 

Questionable grey-blue color in Ivmph 

3:40- 4:40 

1.6 

3.00 

Definitely blue lymph 

4:40- 4:58 

0.73 

3.0S 

4:58- 5:05 
5:05- 5:18 

0.31 

0.22 


All specimens very slight bluish tint 

5:18- 5:25 

5:19 

0.20 

3.03 

Blood specimen shows no blue color 


4. Eemoglohin . — 

In several experiments cij’staUine hemoglobin in Ringer’s solution and crude 
hemoglobin from washed red cells were given intratracheally. If absorption 
occurred during 4 hours, it was so slight as to be masked by the usual shghtly 
yellow color of the right duct lymph. 

5. Visible Particles . — 

Lymph from the right duct of the dog does not contain visible foreign parti- 
cles even if the lung lymphatics and Ij-mph nodes are plentifuhy loaded with 
black dust of miaroscopic dimensions. To determine the absorption of particles 
from the alveoli of the normal dog, it is necessary to examine sections of the 
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scca in Fig. 1, sho\scd spheres atUched to typical lung phagocytes, but in the space of 1 hours 
none of these cells carrying foreign particles had made visible progress along the conventional 
line of lymph drainage, and no spheres were seen in lymph nodes. 

This result, in which a distinctive particle was employed, docs not permit 
wide generalization. Because glass spheres averaging •! micra in diameter were 
not moved in 4 hours from the alveoli, even to lymph nodes at the root of the 
lung, does not mean that other foreign particles might not nuke a quicker 
entrance in the lymph stream and a more rapid movement to lymph nodes. 
There can be no doubt that different physical and clicmical characteristics of 
foreign particles in the alveoli influence the rapidity' of removal by the lym- 
phatic route. 

In order to see whether great increase in lymph flow might cause movement of the glass 
spheres, dogs were given alpha-naphthyl thiourea (iVNTU) which causes a huge outpouring 
of lung lymph. In a typical ciperimcnt (Text-fig. 2) the glass bead suspension was given 
intratracheally 3 hours and 5 minutes after intravenous ^IKTU injection had begun to increase 
lymph flow. This animal died 1 hour and 27 minutes later. At autopsy, the pleural effusion 
and lung edema which are caused by AMTU were found; but, on microscopic examination of 
lung tissue and lymph nodes, presence of the glass spheres in the lymphatic system could not 
be detected. Text-fig. 2 shows the details of this experiment 

DISCUSSION 

Drinker, W'arren, and MacLanahan (5) investigated the absorption of pro- 
tein solutions placed in the alveoli of anesthetized dogs. Contrary' to their 
expectations, they found that detectable traces of protein appeared in the 
blood some time before they were found in the thoracic duct lymph. The 
technique of preparing the animals for these e.v'periments was inadequate in view 
of what has been learned relative to lymphatic drainage of the lungs in the last 
few years. 

In 1937, it was thought that if the right lymphatic duct was tied where it 
makes venous entrance and the thoracic duct cannulated, all material absorbed 
from the lungs would be found in the thoracic duct lymph or in the blood. Al- 
though the right duct and the thoracic duct are often connected, the anastomos- 
ing vessels are usually very small and of little significance unless the thoracic 
duct is obstructed, when the increased lymph pressure forces dilatation, and 
eventually they become large enough to carry all of the thoracic duct lymph to 
the right subclavian vein. Under normal conditions of breathing the flow of 
lymph from the lungs is small, and if the right duct, into which the lung lymph 
flows, is obstructed, there is a large enough distribution of lymphatics in the 
lungs so that there is lymph accumulation in the lungs and practically no ten- 
dency to force the fluid into the thoracic duct through the small connecting 
vessels which may be present. One cannot e.xpect in a brief e.xperiment to 
obtain material absorbed from the lung alveoli in thoracic duct ly-mph. It is 
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necessary to cannulate the right lymphatic duct in order to accomplisli tliis, 
just as has been done in the experiments described in this paper. Drinker, 
Warren, and MacLanahan (5) used qualitative immunologic methods for detect- 
ing horse serum, crystallized heraoglobm, and crystallized egg albumin after 
instilling large amounts (20 to SO cc.) of solutions of these proteins into the 
alveoli by the tracheal route. Frequently the e.xperiments lasted 24 hours, and 
it was found that after several hours all these proteins could be detected in the 
blood and later in thoracic duct lymph to which they had undoubtedly been 
delivered by the blood. These results, though inadequate for uncovering all 
the possible methods of absorption from the alveoli, do, however, indicate that 
so far as removal by the blood capillaries is concerned, exceedingly small 
amounts of foreign protein pass through the alveolar epithelium and then the 
blood capillary endothelium. 

In the experiments reported in the present paper it is apparent that in 4 
hours’ time small protein molecules, notably serum albumin and egg albumin, 
do find their way into the lung lymphatics, though by using artificial respiration 
with a positive pressure delivery of air for inspiration, advantage has been 
taken of the measure found most effective in promoting absorption from the 
alveoli into lymphatics and the flow of lung lymph. The conclusion to be 
drawn is that unchanged transudates and e.xudates resulting from lung injury 
are removed from the lung alveoli in minute amounts. To clear the lungs of 
plasma proteins requires breakdown of molecules by enzymatic action until 
products are formed which are small enough to diffuse readily into the blood. 
The prolific supply of lymphatics in the lungs is apparently for the purpose of 
slowly moving wholly insoluble substances into the lymph stream, with the 
usual result of imprisoning them in lymph nodes prior to a possible entrance 
into the blood and general distribution throughout the body. The clrief 
barrier to absorption is apparently the alveolar epithelium, since, when pro- 
teins are injected directly into the lung tissue and so diffuse widely in the 
alveolar walls, delivery of these substances by the right lymphatic duct is very 
prompt. 

The results reported in this paper and accumulated over a number of years, 
accord with and extend those obtained by Cameron and Courtice (6) and by 
Courtice and Phipps (7). 


SUMMARY 

E.xperiments upon dogs anesthetized with nembutal and lasting 4 hours, 
in which the right lymphatic duct and thoracic duct have been cannulated and 
collection of lung lymph and blood specimens was accomplished after intra- 
tracheal instillation of dog plasma, purified bovine serum albumin, crystallized 
egg albumin, and hemoglobin, have shown that the absorption of such molecules 
is slight. E.xperiments in which pyrex glass spheres averaging 4 micra in 



C. K. UUINKI'.R AND K. HARDr.NJil'.KlIH 


17 


diameter were instilled failed to disclose entrance of these distinctive foreign 
particles into the lymph sta-am, though the fact that lung phagocytes were often 
found containing the particles or covered with them, indicated that eventually 
these particles would be found in lung lymphatics and in lymph nodes. Tlie 
protection against absorjition from the lung alveoli is in the main due to intact 
alveolar epithelium through whidi molecules of the dimensions of the ijroteins 
commonly entering the alveoli, as a result of trauma or disease, pass verj’ slowly 
and are found in small traces in lung lymph and even to a less degree in blood. 
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EXPLANATION OF PLATE 3 

Fig. 1. Photomicrograph of the lung of a normal dog into which glass spheres, 4 
micra in average diameter, have been instilled intratracheally. Many spheres have 
been collected by phagocytes, many are free in the alveoli, and here and there one sees 
possible but not certain entrance of a sphere into the alveolar wall. X SSO. 
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INTRODUCTION' 

The fact that normal serum from non-immunized animals contains a factor 
which inhibits certain activities of hyaluronidasc now seems well cstablislied 
(1-3). Although the biological significance of this antihyaluronidase factor 
is obscure, it has been recently suggested that the serum factor is the funda- 
mental body defense mechanism against invasive processes catalyzed by hyalu- 
ronidase (3). This view, however, is based on an e.xtrapolation of in vitro 
findin gs to invasion in skin. It should be noted that there is little or no in- 
formation concerning the effect of serum upon hyaluronidase spreading activity 
in skin and that the principal evidence for the e.xistence of the serum antihyalu- 
ronidase factor is derived from in vitro studies on decapsulation of streptococci 
(1), removal of follicle cells from mammalian ova (2), and viscometric studies 
using hyaluronic acid preparations (3). 

Since the spreading effect of hyaluronidase in skin is the activity of hyalu- 
ronidase which has been implicated in bacterial, and other, invasive processes, 
the need for an understanding'of the effect of the serum factor upon hyaluroni- 
dase action in skin is clear, particularly since it is known that the activity of 
hyaluronidase in skin is markedly influenced by non-enzymatic factors (4). 
To date, the only information available concerning the effect of the serum factor 
upon hyalmonidase spreading activity is: (o) an isolated statement by Hum- 
phery (5) that serum inhibits the spreadmg activity of testicular hyaluronidase, 
with no details of this work presented, and (b) the illustration of a similar in- 
hibitory effect of rabbit serum in spreading of vaccine virus by Duran-Reynals 
(6) although this observation was not mentioned in the text of the paper. 

Accordingly, studies were imdertaken to determine the effect of serum upon 
hyaluronidase spreading activity. In this paper the results of these studies 
will be described and the significance of the serum antihyaluronidase factor as 
a body defense mechanism against invasive processes potentiated by hyaluroni- 
dase will be discussed. 

* Aided by a grant from G. D. Searle and Company. 
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STUDIES ON SPItEADING FACTORS. 11 


M ethods 

The plan of tliese experiments has been to study the reaction between serum and hyaluroni- 
dase, under both in vUro and in vivo conditions. Hyaluronidasc was measured using an assay 
method based on spreading activity which will be described later in this section of the paper. 
It should be emphasized immediately that although the spreading method of hyaluronidase 
assay is highly sensitive, the quantitative evaluation of hyaluronidasc activity with this method 
is much less satisfactory than with simple in vitro tests using the viscosimeter (3), mucin clot 
prevention (7), or turbidimetric (8) methods of assay. Consequently, for a study of the in 
vitro reaction between serum and hyaluronidasc, one of tlie latter procedures \vouId be the 
method of choice. In this study, however, we arc interested in the reaction between serum 
and hyaluronidase under environmental conditions in skin, and thus the spreading method is 
most informative for this purpose. 

Hyaluronidase spreading activity wiis measured using hemoglobin or methemoglobin as an 
indicator in shaved rabbit abdominal skin. The measurement of areas of spread, preparation 
of indicator solutions, and of the solutions for intradermal injection have been described in a 
previous paper (4). The hyaluronidase preparation used in these studies was a partially 
purified bovine testis preparation (Schering). Rabbit and pig scrum was used in these studies. 
We have found no significant differences in antihyaluronidase activity between normal serum 
and the serum derived from defibrinated blood. The samples of tlic pig sera used contained 
high in vitro antihyaluronidase activity as determined by the viscometric technic of Haas (3). 
Thus, 0.1, 0.2, and 0.3 cc. of these sera, incubated for 10 minutes with 50 ng. of hyaluronidase 
in a total volume of 3 cc. inhibited hyaluronidase viscosity — reducing activity an average of 
75, 85, and 90 per cent respectively. Rabbit serum, while not tested simultaneously as regards 
its inhibitory activity in the spreading reaction and in the viscosimeter, contains an appro.xi- 
mately equivalent amount of antihyaluronidase activity as measured in the latter test (9). 

Evaluation of the effect of in vitro incubation of serum with hyaluronidase was obtained 
by assay of hyaluronidase spreading activity using the following procedure: To eliminate the 
factor of animal variation, all tests of spreading activity in a given e.xperiment were made in 
the same animal. Initially, varying concentrations of enzyme in a constant volume and 
indicator concentration were injected into duplicate sites and the area of spread 1, 2, 5, and 10 
minutes after injection determined. After the dosage-response curves of hyaluronidase had 
been obtained, concentrations of enzymes were selected for in vitro incubation at 25°C. with 
serum. At varying intervals after the initiation of the in vitro reaction, a sample was removed 
and the spreading activity was determined in the same animal. To check the results obtained 
in the single animal, all tests for results were repeated at least three times with three different 
rabbits. 

The quantitative aspects of the nietliod require some mention. Twofold differences in 
•enzyme concentration can be detected only on the linear portion o/ the sigmoid dosage-response 
curve. This method tlierefore has quantitative significance only in certain dosage ranges, and 
at best is not capable of detecting slight differences in hyaluronidase concentration. 

In order to assess the in vivo inhibitory activity of serum uncomplicated by factors involving 
ihe rate of diffusion of antihyaluronidase through the capillary wall, etc., the effect of incubat- 
ing serum with hyaluronidase in skin was studied. In these e.xperiments, hy.aluromda'ie and 
serum were mixed and immediately thereafter injected intradermally in a small volume (0.1 
cc.) of fluid. /Vfter varying intervals of time, the residual spreading activity of the bleb was 
tested by reinjecting tire initial site with 1.0 cc. of indicator solution. The basis for tliis assay 
depends on the fact that the final area of spread of intradermally injected hyaluronidase is 
■directly related to the volume of injection; and tliat administered hyaluronidase in the 
absence of tlie pressure of injection, diffuses only slowly through skin (4). As a consequence 
of this, a portion of the injected hyaluronidase may be expected to remain in the area of injec- 
tion. This hyaluronidase is available for further spreading activity if a second large injection 
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of Huid without enzyme is made into the area initially treated with enzyme. If, scrum is 
introduced with the spreading enzyme and inactivates the hyaluronidasc in the skin, llic rale 
of spread of the second injection of a Large volume of fluid should be correspondingly decreased. 
In these esperiments, on in r/ru incubation of scrum and hyaluronidasc the large areas of 
spread following the administration of the second injection limited the number of injections 


TUMBLE I 

The Eject of in Vitro Incuhotion of Rabbit Sanm -xith Varyiiijs Concentrations of 
Byoluranidase (Serum Concentration Constant)* 


Final conccntxatloa 
before injecdon 

Tide liter b]ecdoS( cfiVt 

Avaige 

I 

1 

1 

5 

Hyaluxoni* 

dxic 

Senna 

Ai 

11 

IBI 

I 

A 

I 

otJec. 

ce-lcc. 


fit uni 


ftf 


fir uid 

tereaU 

0 

0 

1.70 

— - 

2.(W 

— 

2.36 

— 

— 

0 

0.3 

1.74 

— 

1.94 

— 

2.42 

— 

— 

0.1 

0 

1.70 

— 

2.08 

— 

2.70 

— 

— 

1.0 

0 

1.97 


2.53 

I __ 

j 3.28 

_ 

— 

2.0 

0 

2.80 

1 

3.60 


4.34 

1 



0.3 

1.84 1 

85 

2.48 

50 

3.08 

65 

67 

5.0 

0 

3.65 


3.87 

' 

4.53 




0.3 

1.69 

93 

2.76 

78 

3.46 

78 

84 

10.0 

0 

3.72 

— 

4.47 


5.01 

. 



0.3 

2.12 

89 

2.51 

90 

3.46 

90 

90 

100.0 

0 

3.79 

— 

4.30 


4.85 

_ 



0.3 

4.02 

0 

4.50 

0 

4.78 

0 

0 


* Incubated at 25°C. for 10 minutes. 

t solutions were injected intradermally in a volume of 0.20 cc. 
§ A, area of spread in cm." 


11 1, Inhibition produced by in vitro incubation, in per cent, as evaluated from the dosage- 
response curves. 

that coifld be made into the abdominal skin; thus it was not possible to make duplicate injec- 
tions as in the case of those experiments involving in vitro incubation of serum with hyaluroni- 
dase. As in the previous case, the results of the single experiment were checked by reneatin? 
the test in three difierent rabbits. ^ 


EXPERIMENTAL 

Effect of in Vitro Incubation of Serum with Hyaluronidase . — The effect of 
incubating varying concentrations of hyaluronidase with a constant ^ount of 
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rabbit serum was studied in seven experiments (four using pig serum and three 
with rabbit serum). Essentially similar results were obtained with both types 
of serum and the results of a single experiment with rabbit serum are shown 
in Table I. 

In this experiment, 0.3 cc. of rabbit serum was incubated with 0.2 cc. of solutions containing 
10, 25, 50, or 500 [xg. hyaluronidase per cc. for 10 minutes at 25°C.; 0.5 cc. of the hemoglobin 
indicator was then added so that tlie final concentrations ^vcrc equivalent to 2, 5, 10, and 100 
jug. per cc. of hyaluronidase. A 0.2 cc. sample of the incubation mixture was then injected 
intradermally and the rate of spreading determined. The degree of inhibition produced by 
serum was determined by comparing the spreading activity of the incubated samples with the 
dosage-response curve of hyaluronidase alone. 

It will be seen from Table I that the spreading activity of hyaluronidase is 
inliibited by 10 minutes in vitro incubation with serum. Thus, 2, 5, and 10 
Hg. hyaluronidase incubated witli 0.3 cc. serum in a volume of 0.5 cc. is inacti- 
vated approximately 67, 84, and 90 per cent respectively as regards spreading 
activity. The finding that 100 (ig. of hyalurotiidase is not significantly in- 
hibited under these conditions, does not mean that some degree of hyaluronidase 
inactivation did not occur. It should be pointed out that in order to demon- 
strate an inhibition with this concentration of hyaluronidase, almost 100 per 
cent of the spreading activity would have had to be removed. 

In the next e.xperiments, the effect of varying the serum concentration, using 
a constant amount of hyaluronidase, upon inhibition of spreading activity was 
studied. The results of four experiments of this type (three with rabbit serum, 
one with pig serum) were essentially similar, and the results of a single repre- 
sentative e.xperiment are shown in Table II. 

After determination of the dosage-response curve of hyaluronidase in a rabbit {cf. Table 11) 
using a constant injection volume of 0.2 cc. a concentration of hyaluronidase was selected for 
incubation mth varying amounts of rabbit serum so that the final concentration of hyaluroni- 
dase was 2.5 jug. per cc. Then, 0.25 cc. of a 10 jug per cc. solution of hyaluronidase was mixed 
■svith 0.05, 0.125, or 0.25 cc. of rabbit serum, saline was added to make a total volume of 0.5 cc., 
and the mixture was incubated for varying intervals of time at 25‘’C. At the completion of 
the incubation period, 0.5 cc. of indicator solution was added, the solution mixed, and spread- 
ing activity measured by intradermal injection of 0.2 cc. of the mixture. The degree of inliibi- 
tion produced by serum was obtained by comparing the response with the previously deter- 
mined dosage-response curve. 

It will be seen from Table II that the inhibitory action of serum incubated in 
vitro with hyaluronidase is dependent both upon the serum concentration and 
the period of incubation. Thus, for a 10 minute incubation period, the un- 
diluted serum (present in a final concentration of 0.25 cc. serum per cc. of the 
injected mixture) iirhibited 2.5 jug. of hyaluronidase to the extent of about 70 
per cent; serum diluted 1:2 and 1:5 with saline, under similar circumstances 
had no inhibitory influence as measured by spreading activity. If, however, 
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the incubation period of hyalurouidasc with the 1:2 and 1:5 dilutions of scrum 
was increased to 20 and 50 minutes respectively, scrum inhibitory activity 
(approximately 75 per cent) is demonstrable. 

Since it had been shown that j;j vilro incubation of undiluted scrum with 
hyaluronidase for 10 minutes produced inactivation of spreading activity, it 
was of interest to determine whether scrum inUoduced simultaneously with 
hyaluronidase into the skin without prior in vitro incubation, would influence 
spreading activity. A typical e.\pcrimcnt of this type is illustrated in Table III. 

TABLE n 


Tkt Effect of in Vitro Inculxiliin of Uyduronidase -xith Varivig Amounts of Rabbit Serum 
{Hyaiuronidase ConeerJration Constant) 


Ftaxl coaccatntioa 
before injectioa 

Time o£ 
in tilf9 
IscubAtloa* 

Tune liter bJecUon.! nm. 

Aveiajc 

^ 1 

5 

Hyaluroai* 

dx&c 

Serum 

Al 

11 

A 

I 


ce./ce. 

dtM 

CM* 

Ptr C43it 

CM,* 

ftr UMl 

per ceni 


0 

— 

1.64 

— 

1.84 

— 


0.1 

0 

— 

1.79 

— 

2.01 

— 



0 

— 

I.S9 

— 

1 2.35 

— 


1.0 

0 

— 

2.67 

— 

2.94 

— 


2.5 

0 

— 

2.99 

— 

3.70 

— 

• 

S.O 

0 

— 

3.43 1 

— 

3.76 

— 



0.25 

10 

2.11 

76 

2.80 

64 

70 


0.125 

10 

3.00 

0 

3.74 

0 

0 

2.5 

0.05 

10 

2.94 

4 

3.72 

0 

2 


0.125 

20 

2.11 

76 

2.44 

76 

76 


0.05 

50 

1.88 

80 

2.39 

79 

80 


* Incubated at 25°C. 

t solutions were injected intiadermally in a volume o£ 0.20 cc. 

§ Area oi spread in cm.*. 

11 Inhibition produced by in vitro incubation, in per cent, as evaluated from dosage- 
response curves. 

In this experiment 2, 5, or 10 fsS- of hyaluronidase in a volume o£ 0.2 cc. was added to 
0.5 cc. of indicator solution; 0.3 cc. of rabbit serum was then added, the solution mixed and 
immediately thereafter 0.2 cc. of the final solution injected. Although the serum was In 
contact with the h>-aluronidase for perhaps as long as 1 minute before the mixture was injected 
(time required to mix the solutions, load the syringe, etc.) the time of in vilro incubation has 
been taien as zero. For comparative purposes, results obtained by incubating similar con- 
centrations of serum and hyaluronidase for 15 minutes in vitro, prior to injection, are likewise 
shown in Table m. The results of the above experiments were compared with those obtained 
by injecting hyaluronidase in the absence of serum. 

Table iii illustrates the inability of serum to affect hyaluronidase spreading 
activity when both materials are injected almost immediately after midng, in 
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contrast to the significant inhibition produced by in vilro incubation prior to 
injection. This result is not due to a possible effect of the indicator affecting 
the serum inhibition for it was observed that the in vilro reaction between serum 
and hyaluronidase is not significantly influenced by the presence or absence of 
the hemoglobin indicator during the course of the reaction. The finding that 
serum does not affect spreading activity when injected together with hyalu- 
ronidase, under conditions of minimal prior incubation could be e.xplained in 
either of two ways: (a) the rate of reaction of the scrum factor upon hyaluroni- 
dase is slow as compared to the rate of hyaluronidase action upon the hyaluronic 
acid component of the dermal barrier, or (b) the reaction between serum and 
hyaluronidase does not take place ht vivo in skin. The former view is supported 

TABLE ni 


The Effect of the Simullaneotts Injection of Rabbit Serum and Hyaluronidase without 

in Vitro Incubation 


Final concentration 
before injection 

1 

Time of in vilro 
incubation* 

! 

1 Time after Injection^ 

1 

min. 

Avenge 

Hyaluronidase 

Serum 

1 

2 

s 


It 

I 

I 


MS./ce. 



per cent 

per cent 

per cent 

per cent 

2.0 


mBM 

2 

0 

0 

1 




90 

78 

85 

84 

S.O 

0.3 

0 1 

0 

0 

0 

0 


1 

15 

95 

88 

88 

90 

10.0 

0.3 

0 

— 

0 

0 

0 



15 

"" i 

90 

94 

92 


* Incubated at 25®C. 

t Inhibition produced by addition of serum to hyaluronidase, in per cent, as evaluated 
by dosage-response curves determined in the same animal. 


by recent viscometric work of Hadidian (9) who has found that the addition of 
hyaluronic acid (prepared from human umbilical cord) to a system containing 
testis hyaltironidase and serum, completely prevents the serum inhibition of 
hyaluronidase viscosity-reduction activity usually obtained during the first two 
minutes of the reaction and significantly decreases tlie inhibitory activity of the 
serum upon hyaluronidase ten minutes after initiation of the reaction. These 
viscometric results obtauied by Hadidian, taken in conjunction witli the fact 
that the spreading reaction produced by hyaluronidase is 75 to 80 per cent 
complete within two minutes (4) could explain the ineffectiveness of the serum 
antiliyaluronidase to mfluence the spreading reaction of hyaluronidase when 
both are injected together with a minimal period of prior in vilro incubation. 
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It is also possible that the reaction between serum and hyaluronidasc under in 
n'ro conditions does not lead to signilicant inhibition of spreading activ ity . 
This latter possibility was tested in the next section of this paper. 

Ejjcct of in Vivo lucubalion of Scrum 'xUh Hyaluronidasc. The ability of the 
serum factor to react with hyaluronidasc in vivo was tested by incubating hyalu- 


T.VBLE IV 

ne Inejaiiveness of Serum to Inhibit HyoIuronUose Spreadins Acihiiy under CorJitions of 

in Virj Incubation in Siin 


Initlil injection 
(O.i cc.) ccaUics 

Ptfiod o{ 
in ziifo 
Incuii- 
tion* 

InUrvol 

Time Alter injcctloa ol IJ) cc. Ladicator, min* 

Avenge 

U 

Hj-al- 

uioai- 

due 

Senim 

.St xad 2ad 
lajcctioni . 

1 

2 

S 

to 

a: 

Hi 

A 

H 

A 

H 

A 

U 


C£. 

»{n. 

mtn. 


Mt- 

cm.* 


cm.* 

Pf. 

cmJ 

MX- 

MX* 

0 

0 

— 

3 

3.18 

— 

4.12 

— 


B 

5.25 

B 

B 

0.1 

0 

— 

3 

4.13 

— 

5.34 

— 


B 


1 

H 

0.3 

0 

— 

3 


— 


— 


H 


B 

H 

1.0 

0 

— 

3 

6.85 


8.90 

— 


H 


B 

H 

2.5 

0 

— 

3 

6.53 

— 

8.70 

— 


H 


H 

H 

1.0 

0.09 

15 

3 

3.66 

0.1 

4.48 

m 

6.32 

0.1 

7.65 

0.1 

0.10 

1.0 

0.09 

0 

30 



7.23 

0.6 


0.4 

10.12 

0.6 

0.57 


0 

0 


5.90 

0.7 

6.77 

0.5 

7.88 

0.4 

9.85 

0.6 

0.55 

1.0 

0.09 

0 

65 

6.55 


7.35 

0.6 

8.55 

0.5 


0.6 

0.65 


0 

0 


5.6C 

0.6 

7.27 

0.6 

7.88 

0.4 

9.90 

0.6 

0.55 

1.0 

0.09 

0 

120 

6.8- 

IB 

7.35 

0.6 

8.73 

0.5 

9.80 

0.6 

0.67 


0 

0 


6.4; 

0.9 

ilE 

0.6 

8.57 

0.5 

9.80 

0.6 

0,65 


•Incubated at 25°C. 


t A, area of spread in cm.* of the indicator. 

§ H, is the hyaluronidase equivalent, to the closest 0.1 iig., as obtained from the dosage- 
response curves. 

ronidase with serum in skin for varying intervals of tune and then measuring 
residual hyaluronidase spreading activity. Table IV shows the results of a 
typical experiment of this series. 

Concentrations of hyaluronidase ranging from 1 to 25 pg.per cc. were injected intradermally 
without indicator in a volume of 0.1 cc. The needle hole and initial bleb were with 

indiainh, and 3 minutes later, 1.0 cc. of methemoglobm indicator solution was injected directly 
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into the previously treated area. Tlie area of spread of the indicator 1, 2, 5, and 10 minutes 
after injection was measured. On the basis of tlicsc results, an amount of hyaluronidasc 
equivalent to 1 /Ug. in 0.1 cc. was selected for in vivo incubation with scrum. Thus, 0.1 cc. of a 
100 jig. per cc. solution of hyaluronidasc was muccd with 0.9 cc. of rabbit scrum, and immedi- 
ately thereafter, 0.1 cc. volumes of this mucturc were injected intradcrmally. .(Vftcr time 
intervals ranging from 30 to 120 minutes, tlicse areas u-ere reinjected with 1.0 cc. of indicator 
solution and the rate of spreading determined in the usual manner. The spreading reactions 
observed in the areas previously treated with hyaluronidasc plus scrum, u'erc compared with 
those obtained by injecting areas which had been treated with 0.1 cc. containing 1 /ig. of 
hyaluronidasc alone 30 to 120 minutes previously. The in vitro antihyaluronid.asc activity of 
the serum used in these e.^periments was checked in the following manner: 0.1 cc. of hyalu- 
ronidase (containing 10 /ag.) was incubated for 15 minutes at 25‘’C. with 0.9 cc. serum; 0.1 cc. 
of this mixture was then injected into the skin, and 3 minutes later this area was reinjected 
with 1.0 cc. of indicator solution. 

It will be seen from Table IV that serum incubated in vivo with hyaluronidase 
for periods ranging from 30 to 120 minutes had no inhibitory activity; but that 
the same concentrations of serum and liyaluronidase incubated in vitro for only 
15 minutes produced marked inhibition of spreading activity (appro.xiraately 
90 per cent). It should be emphasized that in three other e.vperiments with 
rabbit serum the ineffectiveness of the serum factor to inhibit hyaluronidase 
on in vivo incubation was consistently observed, despite the fact that the period 
of in vivo incubation in skin in some e.\-periments was as long as 5 hours. These 
results indicate that in the in vivo environment of skm, the reaction between 
serum antilryaluronidase and hyaluronidase, either does not occur, or if a reac- 
tion does take place, it is readily reversible. 

DISCUSSION 

The results obtained in this study demonstrate that the in vitro reaction be- 
tween normal rabbit or pig serum and hyaluronidase is profoundly modified 
by the in vivo conditions that exist in rabbit skin. Serum incubated in vivo 
with hyaluronidase in skin for as long as 5 hours, fails to produce a significant 
inhibitory effect, although marked inhibition of hyaluronidase activity is de- 
monstrable when similar concentrations of serum and hyaluronidase are incu- 
bated in vitro for 10 to 15 mhmtes. This disparity between the in vivo and in 
vitro effectiveness of serum to inhibit hyaluronidase spreading activity, indi- 
cates that environmental conditions m the skm are unfavorable for the reaction 
between the serum inhibitor and hyaluronidase which regularly occurs in vitro. 

While it is possible to explain these results on the basis that the serum factor 
is inactivated in skin or eliminated, an alternative explanation seems equally 
likely. Recent studies by Hadidian and Pirie (10) using the viscometric 
method, clearly demonstrate that the irihibition of hyaluronidase by serum is 
not an enzymic reaction, but is due to a reversible binding of the enzyme ac- 
tivity by the serum factor. Alterations of various conditions (salt and phos- 
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shate concentration, etc.) modify the rate of the inhibitorj- binding reaction as 
well as the rate of tlie release of hyaluronidasc from its inactive form. It there- 
fore seems possible that factors in skin could either inhibit the scrum binding 
of hyaluronidasc, or increase the dissociation of' the hyaluronidasc bound by 
serum. One factor operative m viru, which could function in the former man- 
ner, is dermal hyaluronic acid; for it has been shown using the viscometric 
technic that hyaluronic acid significantly decreases the rate of reaction of the 
serum factor upon hyaluronidasc, presumably by competitive inhibition (9). 

Although it is not possible at tliis time to completely e.vplain the ineffective- 
ness of the serum factor under in vivo conditions in skin, the results of this study 
would nevertheless appear to have significance concerning the rOle of the scrum 
inhibitor factor in those in\-asive processes catalyzed by hyaluronidasc. Thus 
the results of this study cast considerable doubt upon the biological significance 
of the enzjTnatic theory* for the mechanism of invasion recently proposed by 
Haas (3). By extrapolation of viscometric data to bacterbl invasiveness in 
vivo, Haas has developed the concept that the serum inhibitory factor (“antin- 
vasin 1”) represents the body defense mechanism against bacterial, and other, 
invasions facilitated by h 3 ’aluronidase. According to his view, ‘‘proinvasin 
I,” a factor found in bacteria and snake venoms, destroys “antinvasin I” and 
thus facilitates the invasive process. Other enzymes, “antinvasm II,” and 
possibly “proinvasin 11” and “antmvasin HI” participate in the manner 
indicated by their names (3). In substance this theory viev,-s the process of 
invasion in skin, as the resultant of enzymatic activities pr^ent in the invading 
agent and in the body defense mechanism. Without considering the question 
as to whether the activities described by Haas, are, in fact, enzymatic, our re- 
sults which demonstrate that hyaluronidasc inactivation by “antinvasin I" 
does not occur in vivo would seem to remove “antinvasin I” from the position 
of representing the body defense mechanism against invasions facilitated by 
hyaluronidase. It is of interest to mention that having removed the “antin- 
vasin I” factor from the Haas theory of invasion, the physiological significance 
of the subsequent factors in the scheme (“proinvasins I and H” and “antinvasin 
n and HI”) disappears because all of these are believed indirectly to afifect 
hyaluronidase via “antinvasin I.” 

The results of these studies throw no light on the in vivo function of the anti- 
hyaluronidase factor of serum and further work will be necessary to elucidate the 
biological role of this factor. 


SDIOURY 

^ The reaction between normal serum and hyaluronidase has been studied in 
vitro and under in vivo conditions in skin. Using in vitro conditions of incuba- 
tion, serum exhibits antihyaluronidase activity as measured by assay of hy^alu- 
ronidase spreading activity in skin. This confirms the work of others, who 
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have previously described the serum inhibitory factor using other tests of 
hyaluronidase activity. When, however, hyaluronidase and scrum are allowed 
to incubate in skin under m vivo conditions, no inhibitory influence of senun 
upon hyaluronidase spreading activity is evident. This latter findmg has been 
taken to indicate that the environmental conditions in skin are unfavorable for 
the inhibitory reaction of serum upon hyaluronidase. The disparity between 
the in vivo and in vitro effectiveness of serum, and the significance of the serum 
factor as a defense mechanism against invasive processes, have been briefly 
discussed. 
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Many different bacteria produce substances which, when administered parenterally 
to human beings or to experimental animals, cause elevation of the body tempera- 
ture. These pyrogens are of some importance in clinical medidne, because their 
presence in materials injected for therapeutic purposes may cause severe pyrexial 
reactions in patien ts. On the other hand bacterial pyrogens are sometimes adminis- 
tered intentionally, to induce fever, as m the treatment of ncurosyphilis by intravenous 
injections of tj'phoid vaccine. 

PjTogenic activity is a property shared by many different bacteria, although gen- 
erally it is quantitatively greater in Gram-negative and bacillary forms than in Gram- 
positive or coccal forms. The pjTogem’c fractions themselves are relativdy stable 
to heat; ordinarj- sterilization in the autodave does not inactivate them. Chemical 
investigation of these fractions has produced evndence indicating that they are com- 
plex carbohydrates (1-3). Some of these purified fractions have been antigenic 
while others have not. .All such fractions are potent toxins , less than a miUigram may 
cause death of a rabbit. Such knowledge as we have of their mode of injury indicates 
that there is widespread damage to capillaries and larger blood vessels (4). Addi- 
tional evidence of this type of injury is found in the fact that the pyrogenic fractions 
of certain bacteria can didt the Shwartzman phenomenon (5), and can cause hemor- 
rhagic necrosis of mouse sarcoma (6). 

The amoimt of purified bacterial pyrogen necessary to produce fever may be very 
small. As little as 0.5 microgram of a fraction from Serratia tnarcescens is suffident 
to cause high fever in a rabbit (7). The mechanism by which this fever is produced 
has not been eluddated, but one significant feature is the latent period which is always 
observed between the time of the intravenous injection of the pyrogen and the begin- 
ning of the rise in body temperature. In human beings the time lag is usually between 
45 and 90 minutes, while in rabbits it is usually 15 to 30 minutes. The existence of 
a latent period seems to indicate that the pyrogen does not act by a direct effect 
upon the temperature-regulating centers in the brain. 

It is well known to climeians that when patients are being given intravenous 
injections of typhoid vaccine as a method of fever therapy, the dose of vaccine 
has to be increased at successive treatments in order to bring about comparable 
temperature elevations. Some patients, after 8 or 10 bouts of fever, may re- 

» Aided by a grant from the United States Public Health Service. 
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quire as much as 250 ml. of typhoid vaccine for a single day’s treatment (8). 
No satisfactory explanation of the mechanism of this remarkable tolerance 
has been given. The present communication describes a series of e.xperiments 
done on rabbits to determine some of the factors which influence its develop- 
ment. A preliminary report has previously been published (9). 

Materials and Methods 

The pyrogenic materials employed were: (1) Eberthella typhosa vaccine.^ This vaccine is 
ordinarily used for human immunization and fever therapy. The density of the bacterial 
suspension is approximately one billion organisms per ml. Microscopic examination shows 
few intact bacillary forms, the gross turbidity being due largely to cellular debris. (2) 
5. marcescens vaccine. The organism was obtained from the American Type Culture Collec- 
tion. It was cultivated in tryptose phosphate broth at 37“C. for 4 days, then separated by 
centrifugation, suspended in physiologic salt solution, and killed by heating at lOO^C. for 
5 minutes. The density of the final suspension was approximately equal to that of the typhoid 
vaccine. (3) Pseudomonas aeruginosa filtrate. The organism was isolated in this laboratory, 
from tlie urine of a patient with pyelonephritis. A culture filtrate was prepared, following 
the procedure used by Welch et at. (10) in preparing a standard pyrogen for the First U. S. P. 
Collaborative Study of Pyrogens. (4) Purified E. typhosa pyrogen (2).* (5) Purified S. 
marcescens pyrogen (1).’ 

With each pyrogen a dose was determined which would elicit a marked febrile reaction but 
which would not cause death of the animal. In the case of typhoid vaccine, which was used 
in most of the experiments, tlie amount found to be suitable was 1 ml. of a 1 :8 dilution. This 
is approximately 100 times the quantity necessary to produce a definite rise in body tempera- 
ture in rabbits of this size. It has been given to more than 300 rabbits without a fatality. 
With the other 4 pyrogens, doses which elicited similar febrile responses were: S. marcescens 
vaccine, 1 ml. of 1:8 dilution in physiologic salt solution; Ps. aeruginosa filtrate, 0.5 ml.; 
purified E. typhosa pyrogen, 30 uZ- if* i ***i- physiologic salt solution; purified 5. marcescens 
pyrogen, 10 /jg. in 1 ml. physiologic salt solution. 

The physiologic salt solution used was tested at intervals, and was always pyrogen-free. 
Glassware, syringes, and needles were sterilized by dry heat at 170°C. for 2 hours. This is 
sufficient to inactivate any pyrogen present. 

The rabbits used were males, weighing 2 to 3 kg. Several different breeds were employed, 
including New Zealand white, hare brown, and Chinchilla. The animals were housed in 
air-conditioned rooms in metal cages, at a temperature of 70-80°F. During experiments 
each rabbit was placed in a wooden stall, and secured by a head board. An opening in the 
floor of the stall permitted insertion and retention of a mercury thermometer without much 
disturbance of the rabbit. The rectal temperature was taken every 30 minutes. Animals 
whose temperatures were found to be higher than 103.6° were e.xcluded from the test. Three 
readings were obtained before injecting a pyrogen, in order to establish a base line. No 
food or water was given during a test period. In order to avoid excessive fatigue, the ani- 
mals were never kept in the stalls longer than 8 hours; this limited tire observation period 
following pyrogen injection to 7 hours. 

Temperature records of the rabbits were plotted on H inch graph paper, using one 
vertical line for each degree Fahrenheit and one horizontal line for each half-hour of test. 


* Obtained from the Laboratories of the Georgia Department of Public Health. 

- Obtained from Professor J. M. Nelson, Department of Chemistry, Columbia University. 

* Obtained from Dr. M. J. Shear, National Cancer Institute, Bethesda, Maryland. 
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In order to obtain a numerical expression oi both the height and duration oi a fever, a fever 
index” was calculated. This w as done by taking as a base level the anim.al’s lcmi>cralurc at 
the Uroc of injecting the pyrogen, and measuring with a planimeler the area enclosed between 
this line and the course of the elevated tcnt[icrature. When the temperature f.ukd to return 
to the base level within Uic time limit, as occurred frequently witli tlic first injectipn of pyro- 
gen, in order to define an area for measuring the fever index a vertical line was drawn between 
the last temperature and the base line. The fever index is expressed directly in terms of 
vernier units of the planimeter. The instrument used was a KcuiTel and Esscr com|x:nsating 
planimeter No. 4236. 
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Fig. 1. Febrile reactions of a rabbit in response to daily intravenous injections of H ml. 
E. iyphosa vaedne. The chart shows the characteristic marked diminution in febrile reaction 
at the end of the 1st week, with little change thereafter. 


EXPERIMENTAL 

Temperature Responses to Repeated Injections of the Same Dose of Pyrogen . — 
UTien animals were given daily injections of the same dose of bacterial pyrogen 
there was a characteristic pattern of response. The first injection usually 
caused a rise in body temperature 3-5°F., and the temperature seldom returned 
to the starting level within the experimental time limit of 7 hours. On the 
2nd and 3rd days the febrile responses were nearly as severe as on the first 
injection, but from the 4th day onward a progressive reduction in pyrexia! 
reaction was nearly always evident. Sometime during the 2nd week a state was 
reached at which a “minimal” febrile response was elicited, and after that the 
animal continued to react to each injection with about the same amount of 
fever; t.e., a r.se of 2-3°F., with return to the normal level in from 3 to 5 hours. 
Fig. 1 illustrates the successive fevers of one rabbit given a series of daily in- 
jections of 3^ ml. of typhoid vaccine for a period of 4 weeks. 

A collection of observations bearing on this subject is presented in Fig. 2. 
Here the fever indices of 85 animals are plotted according to the number of 
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daily injections of ml. typhoid vaccine received. These comprise all of the 
observations obtained in the course of several different e.xpcriments done dur- 
ing this study, wherein no other modifying factor had been introduced. Tem- 
perature elevations were not measured every day in the various e.’cperiments; 
nevertheless it is apparent that the trend of response in this group corresponds 
to the preceding description. 
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Fig, 2. Fever indices of 85 rabbits, plotted according to number of daily injections of 
ml. E. iypliosa vaccine. These data were obtained in the course of several different experi- 
ments. They show the trend to diminished febrile reaction which is observed when injections 
of pyrogen are given every day. 

Repeated injections of S. inarcescens vaccine, Ps, aeruginosa filtrate, or of 
the purified pyrogens of E. typJiosa or 5. marcescens brought out the same t)T>s 
of response, i.e, a progressive decline in febrile reaction during the 1st week or 
10 days, thereafter a fairly constant “minimal” reaction to each injection. 

Effect of Varying the Interval letween Injections. — When injections of pyrogen 
were spaced at different intervals of time, it became apparent that the least 
febrile reaction was obtained when the pyrogenic material was injected every 
day. Animals injected only once or twice a week exhibited some diminution 
in their febrile responses, but this was not as marked as could be attained by 
daily injections of pyrogen. An example is shown in Fig. 3. There it will 
be observ ed that in a group of 4 rabbits injected with typhoid vaccine once a 
week for a period of 14 weeks, there was some diminution in the average fever 
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index, but that these animals, even after 14 weeks, had not developed a “mini- 
mal” response. They showed further reduction when the interval between 
doses was shortened to 1 day. Fig. 3 also shows the results in another group 
of 4 animals to which injections of typhoid vaccine were given twice a week for 
a period of 10 weeks. A series of 20 inoculations brought about a diminution 
in the febrile reactions, but again there was a further significant reduction 
when the inteiaxil between injections was shortened to 1 day. 



Fig. 3. .Average fever indices in 2 groups of 4 rabbits. One of these received injections 
of ml. £. lyphosa vaccine once a week for 14 weeks, then a series of daily injections. The 
other group received injections twice a week for 10 weeks, then a series of daily injections. 
The results indicate that the tolerance to pjTogen becomes most highly developed when 
injections are given every day. 

Loss of Tolerance ajler Rest Period. — When animals which had been rendered 
relatively unresponsive to a given dose of pyrogen were allowed to rest for some 
days and then retested, it was found that some increase in responsiveness 
had occurred. 

For esample, one group of 10 rabbits received mi. of t>’phoid vaccine every day for 13 
days. The average fever index for the 10 animals on the occasion of their first injection was 
196. On the 13tb day the average fever index for the same group was 39. Five of them were 
tten rested for 8 days, and the remaining 5 for 22 days. On resuming the injections the fever 
index was found to have risen in the group rested 1 week to 85; whereas in those rested for 
3 weeks the average fever index was 186. It appeared then, that after a rest period of 1 week, 
some, but not all, of the responsiveness had returned and that after a rest as long as 3 weeks 
the response was essentially the same as that of normal animals. 

Lack of Correlafion ’u>ith the Tiler of Specific Typhoid Agghiliniiis . — ^The 
level of serum agglutinins for the typhoid vaccine did not appear to be closely 
related to the febrile responses. In the preceding experiment the average titer 
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of antibodies in the rabbits which were rested for 1 week was 1;2.S60, while 
that of the rabbits rested for 3 weeks was 1:320. While tliere Iiad been :in 
appreciable reduction in titer at 3 weeks, the 4 animals still had considerable 
amounts of agglutinin in their blood, yet on reinjection of typhoid vaccine they 
gave a febrile response essentially like that of normal animals. 

Effect of Rediiciug the Dose of Pyrogen . — ^.Another e.\periment which demon- 
strated the rapid loss of responsiveness to pyrogens is illustrated in Fig. 4. 
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Fig. 4. Successive daily fevers in 4 rabbits during a period when tlie dosage of pyrogen was 
abruptly changed twice. During 2 weeks prior to the period charted each rabbit had been 
given increasing doses of E. lyphosa vaccine, up to 5.0 ml. The left-hand column shows their 
febrile reactions to this large dose. On the 2nd day the dose was reduced to ml. Note 
that there was little or no febrile reaction. Three more daily injections of ml. caused higher 
fevers. On the 6th day a dose of 5.0 ml. was given again with the production of more fever 
than on the first charted day. 

Four rabbits had received increasing doses of typhoid vaccine, beginning witli ml., and 
progressing to 5 ml. at the end of 2 weeks. Their temperature responses to tliis large dose 
are reproduced in tlie first column of this figure. On tlie following day, when the dose was 
reduced to only ml., the animals reacted with little or no rise in temperature. The nest 
day, injection of Vs ml. produced slight but definite fever in all of them, and thereafter tlie 
response to Vs ml. was similar to that of animals which had received a long series of daily 
inoculations wi A tliat quantity of pyrogen, as can be seen by comparison witli Fig. 1. Finally, 
5.0 ml. were given again. This induced somewhat more fever than on tlie first occasion, 
mdmating that the reduced daily dose did not maintain a maximum tolerance. 

This experiment was repeated on two occasions, with similar findings. 

These results indicate that the animals are least responsive on the day after 

an injection, and tliat they become more responsive as early as the 2nd or 
3rd day. 
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Specificity of the Tolcrcncc for Dijjcrcnl Bacterial Pyrogens. Wlicn animals 
which liad been rendered unresponsive to one bacterial pyrogen were Icjlcd 
with a different one, they were found to be somewhat tolerant of it ;is well. 

For cxaiTiplc, 5 rabbits acre given 10 daily iniccUons of *nl. of S. tiiafccscctis v.accinc and 
then received 5-a ml. of typhoid vaccine. The fever indices obtained acre 98, 69, 98, 65, and 
85. Comparison of these with first day rcsjxinscs of normal animals to that dose of typhoid 
vaccine, shown in Fig. 2, indicates that all were liclo'.v tlic ordinary r.angc. In another cai^cri- 
ment, 8 rabbits received 10 daily injections of 3*5 ml. of Ps. (tcruj^itiosa tiltrate, and then were 
given ml. of typhoid vaccine. .Ml showed a considerable reduction in febrile rcsiionsc as 
compared with normal animals; the fever indices l>cing 76, 70, 74, 74, 71, 62, 66, and 70 


Passive Transfer of Tolerance to Pyrogens. — An attempt was made to confer 
the unresponsive state by injection of serum from highly tolerant animals. 

Three rabbits were given daily injections of typhoid vaccine in increasing amounts up to 
5.0 ml. On the day following the last injection, when a high degree of tolerance would be 
espected, the 3 animals were bled by cardLac puncture, and their sera were pooled. This 
pooled serum was then given to 6 normal rabbits, in doses of 10 ml., intravenously. One 
hour later the recipient animals were given ml. of typhoid vaccine. Six control rabbits 
were treated with normal rabbit serum and then with typhoid vaccine, in the same rjuantilies. 
The febrile responses of all 12 rabbits fell within the range of ordinary responses (see first day 
responses, Fig. 2); and there was no appreciable difference in the fevers in the two groups. 

Effect of Presenting Temperature Eleralioiis during Development of the Toke- 
atice . — 

Eight rabbits were given daily injections of ml. of typhoid vaccine. The febrile reac- 
tions to these injections were prevented by administering 0.6 gm. amidopyrine through a 
stomach tube, 1 hour previous to each injection of pyrogen. On the 8th day the premedica- 
tion with amidopyrine was omitted. -At this time, injection of the same dose of typhoid vac- 
cine caused temperature elevations characteristic of animals tolerant to the pyrogen, the fever 
indices being 65, 54, 65, 106, 57, 103, 48, and 56. Reference to Fig. 2 will showr that these 
were below the range of first day responses to this dose of typhoid vaccine. 

It seems, then, that elevation of body temperature during the period of im- 
munization is not essential tc the development of tolerance to bacterial p3tro- 
gens. 

Effect of Mechanically Induced Fever on Tolerance to Pyrogens. — An experi- 
ment was designed to determine the effect of a series of mechanically induced 
fevers on the temperature response to bacterial pyrogens. 

For this purpose a fever cabinet similar to that used by Ellingson and Clark (11) was 
constructed. Four rabbits were given daffy fevers for 8 days, their temperatures being raised 
rapitUy to a level of 106-107.5°F., and maintained in that range for 2 hours each day. One 
rabbit died during this procedure, apparently of the effects of the pyrexia. On the day after 
the last of the mechanically induced fevers the 3 remaining animals were given injections of 
Vi ml. of tj-phoid vaccine. They reacted with high prolonged elevations, the fever indices 
being 191, 206, and 266. 
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The findings indicate that mechanically induced fever does not induce toler- 
ance to bacterial pyrogens. 

Behavior of Circulating Leucocytes during a Course of Injections.— In view 
of the marked fluctuations in circulating leucocytes which are known to result 
from intravenous injection of bacterial suspensions, leucocyte counts were 
made on a series of 6 rabbits throughout a 10 day course of injections of % 
ml. of typhoid vaceme. As would be e.xpected a leucopenia was found during 
the first hour after pyrogen injection, and this was followed by a leucocytosis 
m 4 to 8 hours. No strikmg alteration in this pattern of response was observed 
during the period of the injections e.xcept that the deviations in cell count tended 
to be smaller toward the end of the e.xperimental period. 

Effect of Repeated Injections of Pyrogens on the General Health . — Animals 
which received daily injections of pyrogens, in the quantities mentioned for 
periods of several weeks showed no sign of deterioration in general health. 
They tended to gain weight, their coats remained sleek, and there was no 
special tendency to develop intercurrent infections. 

DISCUSSION 

The experiments show clearly that rabbits given repeated injections of bac- 
terial pyrogens become relatively unresponsive to the fever-promoting action 
of these materials. This is in accord with clinical observations on human beings 
undergoing fever therapy with typhoid vaccine. Such an alteration in tem- 
perature response of experimental animals has apparently not been observed 
by certain laboratory workers, since several recent reports of work with bacterial 
pyrogens indicate that animals have been used in tests repeatedly, sometimes 
daily, and that the possibility of alteration in reactivity has not been considered 
(12-14). Seibert, who was one of the first to demonstrate that pyrexial re- 
actions to therapeutic mtravenous injections were usually due to pyrogen 
contamination of the fluid (15), stated that in her experience rabbits never 
showed any indication of an immunizing or a sensitizing effect. This con- 
clusion was supported later by Banks (16). A collaborative study of this 
matter was inaugurated by the Committee of Revision of the U. S. 
Pharmacopeia, in 1941 (17). A series of 3300 tests was made on 253 rabbits, 
a potent pyrogen {Ps. aeruginosa filtrate) being given to each animal twice 
weekly for 5 weeks. It was found that there was some lessening in the average 
height of the febrile reaction toward the end of the 5 week period. Our findings 
make it seem probable that those workers would have obtained more clear cut 
differences had the pyrogen injections been given daily. Another factor which 
explains in part the difference between our findings and those of other workers 
is that our calculations have included not only the height but also the duration 
of each fever. A characteristic of the immune response is the more rapid re- 
turn of the temperature to the starting level (see Fig. 1). 
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The following evidence may be cited to indicate that the production of specific 
humoral antibodies may have little or no relation to the development of toler- 
ance to pyrogens. 

1. Animals lost their tolerance to typhoid pyrogen after a rest period of 3 
weeks, that is to say at a time when specific agglutinins were still found in their 
sera. 

2. The tolerance evidenced to one bacterial pyrogen obtained in some degree 
to piTogens of bacteria not serologically related. 

3. Passive transfer of the tolerance could not be accomplished. 

4. The puritied typhoid pyrogen, a carbohydrate material, which, by our 
tests, did not have antigenic properties, proved capable of inducing the same 
hpie of insusceptibility as vaccina of whole bacteria. Some observations of 
other workers support this evidence. Welch and associates showed that the 
pjarogenic fraction from Ps. aeruginosa was not antigenic (10). Favorite and 
iforgan studied the effects of a p>TOgenic fraction from E. lyphosa in human 
beings, and noted that “the titer of circulating antibody did not seem to be 
doselv related to the development of tolerance to the toxicity of the antigen” 
(18).' 


stnrjURY 

In a study of the febrile responses of rabbits to repeated intravenous injec- 
tions of pyrogenic substances from Eberthella iyplwsa, Serratia marcesceus, 
and Pseudomonas aeruginosa, the following observations were made: 

1. A characteristic pattern of response to daily injections of the same dose of 
pjTogenic material was noted. This consisted of a progressive diminution in 
febrile response during tlie 1st week or 10 days, after which an animal responded 
to each injection with approximately the same degree of fever, even when the 
injections were continued for several weeks. 

2. Animals given injections of the same amount of pyrogenic material at 
semiweekly or weekly intervals showed some diminution in febrile reaction 
but the alteration was less pronounced than that in animals injected every day. 

3. Pyrogen tolerance appeared to be lost quickly. Animals allowed to rest 
for approximately'^ 3 weeks reacted to readministration of pyrogen with fever 
comparable with that which occurred after the first injection. 

4. By gradually increasmg the size of the daily dose of pyrogen a tolerance 
could be established such that a reduced, but still considerable, amoimt of 
pyrogen caused no fever whatever. 

5. Rabbits that had been injected with 5. marcesceus or Ps. aeruginosa 
pyrogens showed a diminished febrile response to E. lyphosa vaccine. 

6. Passive transfer of the unresponsiveness to pyrogens could not be demon- 
strated. 

7. Prevention of temperature elevations during the course of immunization 
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by use of an antipyretic drug did not interfere with the development of tolerance 
to pyrogens. 

8. A series of mechanically induced bouts of fever did not reduce the respon- 
siveness to bacterial pyrogens. 
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The preceding article (1) describes a series of observations on the tolerance 
which develops as a result of repeated intravenous bjections of bacterial py- 
rogens, and which is characterized by a diminished febrile reaction to these 
substances. This state appears to be largely independent of serologic spe- 
cificity; it is also remarkable for its short duration. The present article deals 
with experiments designed to elucidate the mechanism by which it develops, 
with special reference to the r61c of the reticulo-endothelial (R-E) system. 

Materials and Methods 

Tests were conducted under the conditions described in the preceding article. Two agents 
were employed for R-E blockade: 25 per cent colloidal thorium dioxide (thorotrast, Heydcn 
Co.), and 1 pet cent aqueous tej-pan blue. The dose of thorotrast was 9 ml.; this was given 
intravenously 16 hours before the test injection of pyrogen. The dose of trypan blue was 
6 mh; this was given twice, 16 hours and i hour previous to injection of the pyrogen. In 
experiments on the eSect of R-E blockade the doses of pyTogens used were the same as those 
^ven in the preceding article. In tests of the speed of removal of p 3 TOgen from the blood, 
the donor animal was prepared for cardiac puncture. The pyrogenic material was then in- 
jected into an ear vein, at a rate of 1 ml. in 5 seconds. Exactly 4 minutes after the conclu- 
sion of the injection, the heart was punctured, and 8 ml. of blood drawn rapidly into a syringe 
containing 2 ml. of 3.8 per cent sodium citrate. The titrated plasma was separated imme- 
diately by centrifugation, and was injected into a test animal within 1 hour of the time of the 
bleeding. The technic for asepsis was observed at all stages of the procedure. The amounts 
of pyrogens given to the donor animals were: Eierlhdla lyphosa vaccine, 5 ml.; Serratia mar- 
cescens vaccine, 3 ml,; Pseudomonas aeruginosa filtrate, 5 mh; purified Ebertliella iyphosa 
pyrogen, 0.5 mg. in 5 ml. saline; purified Serratia mareescens pyrogen, 1.0 mg. in 5 ml. saline. 

experxmentai. 

Effect of R-E Blockade on the Tolerance. — ^Rabbits were given daily injections 
of one of the pyrogen preparations until a marked diminution in febrile response 
had developed; i.e., for 6 to 10 days. They then received intravenous injections 
of a blocking agent, after which the same dose of pyrogen was administered. 
Lnder these circumstances there was a marked increase in the febrile reaction. 
In most instances the febrile reaction following blockade was even greater than 

* .Mded by a grant from the United States Public Health Service. 
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Fig. 1. Effect of R-E blockade on febrile responses of pyrogen-tolerant rabbits. Each 
column shows the daily febrile response of a rabbit to a constant dose of one of the pyrogens. 
By the end of 7 days all had a considerable reduction in febrile response. At this time thorium 
dio.xide was given to produce R-E blockade. On the following day the febrile reaction to 
die pyrogen was much greater. 

that which occurred after the first injection of the pyrogen. Experiments of 
this type were carried out on 64 rabbits, and without exception the fever was 
greater after R-E blockade than before. Fig. 1 shows a tj’pical example, with 
each of the 5 different pyrogen preparations, using thorotrast as the blocking 
agent. The effect of thorotrast was usually quantitatively greater than that 
of tr}'pan blue, although the latter agent invariably was responsible for a 
marked increase in the febrile reaction. 
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Speed of Disappearance of Pyrogen from the Blood. In view of the finding 
that R-E blockade appeared to abolish the induced tolerance for pyrogens, the 
possibility was considered that tolerance might be determined by the ciTiciency 
of the medianism for removing piTogen from the circulating blood. Accord- 
ingly, experiments were carried out in which blood samples were taken from 
normal animals and tliose with induced tolerance a few minutes after they had 
received large doses of pyrogen. These samples were then tested for pyrogen 
content, by measuring their effect in causing temperature elevations in other 
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Fig. 2. Effect of previous injections of E. typhosa vaccine on speed of disappearance of 
the pyrogen from the blood. This shows the relative pyrogenic activity of plasma from an 
animal so treated, and a normal rabbit 4 minutes after each had received 5.0 ml. E. iyphosa 
vaccine. Different dilutions of each sample were given to 3 nonnal rabbits. 

rabbits. Preliminary tests on normal animals showed that, even after admin- 
istration of large doses of pyrogen, little trace could be detected in the circulat- 
ing blood S to lOminutes later. At 4 to 6 miautes, however, pjTogenic activity 
was always considerable. 

An animal was given increasing quantities of £. iyphosa vaccine during a 
period of 2 weeks, up to a dose of 5 ml. daily. On the 15th day this quantity 
was given and the anim al was tested for capacity to remove it from the blood, 
in comparison with a normal animal of the same breed and size. The ex- 
perimental technique has already been described. Fig, 2 shows the pyrogem’c 
potency of the blood of a rabbit treated as just described and of a normal rabbit 
4 minutes after each had received 5 ml. of E. Iyphosa vaccine intravenously. 
Three normal animals were used in testing the blood of each rabbit receiving 
the pyrogen. It will be observed that a considerable difference in pyrogenic 
activity was found. With the undiluted samples and with the 1-4 dilutions 
there was a marked difference in febrile responses of the test rabbits, and with 
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Fig. 3. Effect offprevious injection of B. typhosa vaccine on ability to remove different 
pyrogens from the blood. This shows comparative febrile reactions of normal rabbits to 
plasma from tolerant and normal donor rabbits. Donors had been given large doses of 
pyrogen 4 minutes before plasma samples were obtained. 
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Fig, 4. Effect of R-E blockade on ability of previously tolerant animal to remove pyrogen 
from the blood. This shows the pyre.xial reactions of normal rabbits to plasma samples from 
2 rabbits taken 4 minutes after each had received 5.0 ml. E. typhosa vaccine. One of these 
donor animals had received thorium dio-xide on tlie previous day. 

1-8 dilutions the sample from the previously injected donor animal caused 
practically no temperature elevation, whereas that from the normal animal still 
contained sufficient pyrogen to cause a considerable pyrexial reaction. 

Similar experiments were carried out, testing the speed of disappearance of 
other pyrogens from the blood. It was found that repeated injections of E. 
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typhosa \'accine created a state sucii that the pyrogens of 5. marccsccits and 
Ps. acrusinosa disappeared from the circulating blood more quickly than was 
the case with normal animals. Fig. 3 presents c-Kamples of such experiments, 
using the 4 other pj’rogen preparations employed in this work; S. marccscats 
vaccine, Ps. aeruginosa filtrate, purified 5. marcesceus pyrogen, and puriticd 
E. iyphosa pyrogen. As is shown, the amount of pyrogenic material remaining 
in the circulation 4 minutes after injection was always less in treated than in 
normal animals. 

R-E Blockade and the Speed of Disappearance of Pyrogen from the Blood.— \ 
study was made of the effect of R-E blockade on the rate of disappearance of 
pyrogen from the circulating blood. Two rabbits were given daily injections 
of E. typkosa vaccine in increasing doses up to 5 ml., during a period of 2 weeks. 
One of them was then given thorotrast as a blocking agent, and cn the following 
daj' both animals were tested for speed of removal of the same dose of E. 
Iyphosa xaccine pyrogen from the blood. It was found that the animal given 
R-E blockade had more circulating pyrogen 4 minutes after the injection than 
did the other tolerant animal. Four e.xperiments of this kind were done, with 
the same result; one of them is illustrated in Fig. 4. 

DISCUSSION 

Explanation of the mechanism of tolerance for p>TOgens is hampered by the 
inadequaej' of our knowledge regarding the pathogenesis of fever. Clinical 
experience has demonstrated that fever is a sensitive index of many kinds of 
pathologic process, whose onl}^ common factor is mjury cf tissue. It is probable 
that the temperature elevation produced by bacterial pjarogens is also a re- 
flection of injury, and not due to a direct effect on temperature-regulating cen- 
ters in the brain. This view is supported by the fact that there is always a 
time lag between the injection of the pyrogen and the beginning of the rise in 
temperature, and by the fact that purified pyrogens are lethal to.xins (2). 

The experimental evidence which has been presented here indicates that the 
functional state of the R-E system is an important factor in determming the 
extent of the febrile reaction to pyrogens. It seems reasonable, as already 
stated, to assume that the febrile response to a pyrogen is a reflection of injury. 
If this assumption is correct the ne.xt problem is to determine the site of tissue 
injury. There is evidence that bacterial pyrogens can cause injury to vascular 
structures, as was mentioned in the preceding article. Another possible site of 
injury is the R-E cells themselves. The evidence obtained in this work could 
be mterpreted, however, as indicating that the R-E cells are relatively resistant 
to inji^, and that they sen^e to protect other, more susceptible cells. Evi- 
dence in support of this supposition was obtained in our studies on the effect 
of R-E blockade on immunity to the Shwartzman phenomenon (S'). This 
phenomenon is advantageous as a method of studying the present problem. 
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because it provides a defined, obserx’able site of injury in the skin. Some 
rabbits e.xJiibit natural immunity to the Shwartzman reaction, and in all rabbits 
an immunity develops after repeated injections of bacterial toxin. It was 
found that either the natural or the acquired immunity could be abolished by 
blockade of the R-E system. Following an injection of thorotrast an animal 
that had previously given no purpuric reaction on test showed severe hemor- 
rhagic necrosis in the skin. These findings can be interpreted as indicating 
that the blocking substance, by interfering with the cells which normally take 
up most of the bacterial toxin from the blood, allows the toxin to reach the skin 
in sufficient quantity to produce the hemorrhagic reaction. 

On the basis of the present findings the following hypothesis can be offered 
regarding the development of tolerance to pyrogens: A series of injections of 
these causes a change in the functional capacity of the R-E system whereby 
the ability to remove bacterial toxins from the blood is enhanced. As a result 
of this increase in ability, other susceptible tissues are protected from injury, 
and the lessened injury is reflected by a diminution in the febrile response. 

SUMMARY 

In experiments designed to elucidate the mechanism by which tolerance to 
bacterial pyrogens is developed, the following observations were made: 

1. Animals whose febrile reactions to bacterial pyrogens were markedly 
diminished, as a result of repeated injections, showed increases in response 
following R-E blockade. 

2. Pyrogenic substances disappeared from the circulating blood more rapidly 
in rabbits rendered pyrogen-tolerant than in normal animals. Lack of spe- 
cificity was shown by the fact that rabbits previously injected with Eberthella 
typhosa bacterial vaccine were able to remove the pyrogens of Serratia marces- 
cens and Pseudomonas aeruginosa from their blood more rapidly than normal 
animals. 

3. R-E blockade retarded the speed of disappearance of pyrogens from the 
circulating blood of animals which had been rendered relatively tolerant by 
previous injections of these substances. 

A possible mechanism for the development of unresponsiveness to bacterial 
pyrogens is suggested. 
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The cytoplasm of liver cells consists in large part of vesicular bodies just 
within the range of nucroscopic visibility (1). Pathological changes in 
liver cells and in tumor cells derived from them may bring about such enlarge- 
ment of these bodies that their structure and relation to one another become 
readily recognizable. They show a rim which under some circumstances is 
acidophile and perhaps in large part protein, and under other circumstances is 
basophile because it contains ribonucleic acid (2, 3), in part at least as nucleo- 
protein. The greater portion which is within the rim stains faintly, is chiefly 
lipoid, and consists largely of phospholipids. 

All of the bodies with definable rim and clear central space have been des- 
ignated for convenience, cylochoiidria (cell grams (1)). Certain of them give 
the reactions that have served to identify mitochondria. These latter are 
characterized in fixed tissues by their reaction with potassium bichromate 
which acts as a mordant for several dyes and by their resistance to decoloriza- 
tion when overstained by aniline-acid fuchsin. 

It would be unprofitable to review early opinions concerning the granular, 
fibrillar, or foam-like stuctme of cytoplasm. Furthermore, it has not seemed 
desirable to review the extensive controversial literature concerning the relation 
of mitochondria to secretion, to deposition of fat and glycogen, and to other 
changes in normal and pathological cells. 

Methods 

After fixation in Zenker’s fluid and stoning by the Giemsa method or by methylene blue 
and Azur If preceded by phloxin, in accordance with the method of ^ilalloiy, the vesicle-like 
bodies of the cytoplasm are well shown. The usual methods for the demonstration of mito- 
chondria in fixed tissues have been used, and prolonged fixation in Regaud's solution of 
potassium chromate has been followed by staining with aniline-add fuchsia or iron hema- 
toxylin. With add fuchsin alcohol-soluble nigrosin in 1 per cent solution has been a useful 
counterstain, because it defines c>’tochondria that do not stain as mitochondria. Staining 
with iron hematoxylin has been followed by phloxin as a counterstain. 

For the purposes of the present study, fixation in a mixture of equal parts of a fifth mnlar 
solution of lanthanum acetate (6.85 gm. in 100 cc. water) and 20 per cent formalin has been 
found to be useful, because it fixes well the ribonudeic add of the cytoplasm which in many 
cells of the Uver is localized about cytochondria. It has the further advantage that it acts 

* This study was conducted with the aid of grants from The Jane Coffin Chflds Memorial 
Fund for Medical Research and The Jane Fuller Fund. 
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promptly as a mordant for the substance that gives to mitochondria a distinctive stain and 
causes them to be stained by methylene blue used in combination with ;\zurll. Rose bengal 
has been substitured for phloxin used by Mallory, because it stains more deeply. Mitochondria 
identical in size and shape with those demonstrable by other procedures are stained deep blue. 
Cytochondria that do not stain as mitochondria have a pink color. 

Cytochondria become swollen when tissues are subjected to the action of distilled water or 
of h3'potonic solutions and are so much enlarged that tliey arc readily observable. They 
assume a spherical form and increase in diameter two- or threefold or more. Hypotonic 
solutions of sodium chloride have a similar effect. It is noteworthy that osmotic swelling of 
mitochondria has been repeatedly observed (Faurd-Fremiet (4), iVnitschkow (5). Lewis and 
Lewis (6), Lazarow (7)). 

Fresh tissue immediately after removal from an animal killed by bleeding from the vessels 
of the neck has been cut in thin blocks approximately 0.5 mm. in thickness and immersed in 
distilled water, in hypotonic solutions of sodium chloride, or in solutions of some other sub- 
stances during periods varying from 5 minutes to 24 hours. The tissue has then been fixed in 
formalin and lanthanum acetate, Zenker’s fluid, absolute alcohol, or Regaud’s fluid and 
embedded in paraffin. For comparison, tissue has been fixed in Regaud’s fluid and stained 
for mitochondria by aniline-acid fuchsin, which stains mitochondria alone, or by iron hema- 
toxylin, which stains both mitochondria and nucleic acid. 

Enlargement of Liver Cytochondria in Hypotonic Solutions - 

The effect of water immersion on the cells and cytochondria of the cyto* 
plasm for a time as short as 5 minutes is seen in a narrow zone about the edges 
of the block of tissue and in the parench)maa surrounding the larger veins which 
g^ve free access of the fluid to the immediately adjacent tissue. After 1 or 2 
hours of immersion, the tissue is changed throughout. 

When water enters the liver cells (Fig. 1), they become much swollen and 
their outlines are accentuated as sharply stained lines. Cytochondria become 
swollen and spherical and much increased in size. They are seen as isoated 
acidophile bodies with deeply stained rims and more palely stained or unstained 
centers. With continued swelling of the cytochondria they are crowded 
against one another, so that the cytoplasm assumes a vacuolated or foam- 
like appearance (Fig. 2). The clear centers of the swollen cytochondria seem 
to form the meshes of a network outlined by the stained rims, now in contact 
with one another. In liver kept in water from 20 to 24 hours, this appearance 
may be almost uniform throughout. 

H3rpotonic solutions have an effect upon the nucleus similar to that upon 
the cytoplasm. It becomes swollen and in large part loses its nuclear stain. 
Within the nucleus, round or oval bodies resembling the cytochondria of the 
cytoplasm but smaller and less sharply defined are recognizable. They have 
a well stained rim and clearer center and are usually in close contact with 
one another, but in much swollen nuclei, they may be separated, apparently 
as discrete bodies. 

Osmotic Enlargement of the Cytochondria of the Kidney 

With the Giemsa stain, after fixation in Zenker’s fluid, the cytoplasm of 
the proximal convoluted tubules stains predominantly with the acid dye, and 
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round, o\-al, or elongated bodies stained pink form lines perpendicular to the 
base of the cell. The rim of these bodies is usually more deeply stained than 
the center and about some of them is a delicate rim of basophile material. 

With appropriate stains mitochondria are found crowded together in such 
abundance that they evidently occupy the greater part of the cytoplasm of 
the cells of the pro.vimal convoluted tubules and constitute most, at least, of 
the less well defined bodies seen with the Giemsa stain. They are often much 
elongated at right angles to the base of the cell and may have a beaded ap- 
pearance. 

^^^len kidney tissue is immersed in distilled water, changes occur more 
promptly than in the liver (Fig. 31. Mitochondria lose their ability to take 
the stains that characterize them. The cytoplasm of the swollen cells within 
15 minutes may be occupied by bodies with circular outline and vesicular 
appearance with a diameter much greater than that of the mitochondria. 
Some of them retain the mitochondrial stain at their periphery. They may 
be separated from one another as discrete bodies in the swollen cells, but with 
increased swelling they are crowded together so that the cytoplasm assumes 
the uniformly \'acuolated or foam-like appearance (Fig. 4) seen under similar 
conditions in the cells of the liver, .\fter immersion in water during 20 hours, 
some cells with foam-like cj’toplasm remain well defined, but in the greater 
part of the tissue all evidence of structure has disappeared. 

Osinolic Enlargement of Cylochondria of the Pancreas 

In the pancreas secretion granules appear as conspicuous round bodies at 
the apices of the acinar cells, and the basal part of those cells (Zenker, Giemsa, 
or methylene blue) is occupied by deeply stained basophile material now' recog- 
nized as ribonucleic acid. Within this basophile material seen in thin sections 
are a few round or elongated spaces about the size of mitochondria. With 
mitochondrial stains (Regaud’s fluid, aniline-acid f uchsin, or iron hemato.vylin) 
sparsely scattered mitochondria are found in the basal part of the cell. It 
is noteworthy that the basophile material fills the interstices between the 
secretion granules in the apices of the cells. After immersion of the tissue 
in water from 15 to 30 minutes (Fig. 5), two changes occur: basophile substance 
d iminis hes or disappears and the vesicular bodies (cytochondria) of the cyto- 
plasm become swollen and finally spherical. In the basal part of the cell, 
round bodies are closely approximated and much more numerous than the 
mitochondria demonstrable in this part of the cell by appropriate stains. The 
secretion granules retain for a time their distinctive stain and resist the penetra- 
tion of water, but after prolonged immersion (durii^ 20 hours), vacuoles appear 
uniformly throughout the cell, those replacing the secretion granules being no 
longer distinguishable from the others. 

The cjtoplasm of the cells of the pancreatic islets contain minute oval and 
round mitochondria in great number together with minute bodies of about the 
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same size and shape with clear center and rim unstained by the mitochondrial 
stain but defined by the counterstain. They seem to be more resistant to 
penetration of water than cells of the secreting acini. After immersion in 
water during 20 hours, mitochondria are stained but in large part vesicular. 
Cytochondria in the space between them have further increased in size and 
in places are separated so that they are recognizable as discrete bodies. 

Osmotic Enlargement of the Cytochondria of Gland Cells of the Stomach 

The cytoplasm at the apices of the cells forming glands of the stomach con- 
tains zymogen granules, but m the basal parts of these cells, it stains deeply 
with nuclear dyes (Zenker, Giemsa). In this part of the cell in thin sections 
clear round or oval spaces are surrounded by the basophile material. Here 
appropriate stains (aniline-acid fuchsin, or iron hemato.Kylin after fixation in 
Regaud’s fluid) demonstrate the presence of sparsely scattered coarse mito- 
chondria and between them are cytochondria shown by a counterstain but with 
no mitochondrial stain. When particles of stomach mucosa are immersed in 
water during 1 or 2 hours, basophile material disappears and mitochondria lose 
their characteristic stain. Throughout the cytoplasm cytochondria, including 
mitochondria and zymogen granules, are swollen to form larger spherical bodies 
recognizable as discrete structures which, when crowded together, give a foam- 
like appearance to the cytoplasm. Those representing zymogen granules are 
no longer distinctive and when water imbibition is advanced, are represented 
by almost uniformly distributed vacuoles. 

The cytoplasm of the parietal cells of the gastric mucosa stains by the Giemsa 
method only with the acid dye, and coarse roimd or oval mitochondria are 
demonstrable by the usual methods. In the interstices betw'een mitochondria 
are bodies of similar form which fail to take the distinctive stain but are defined 
by the counterstain. When stomach tissue is immersed in water, mitochondria 
do not lose their peculiar staining character after 1 or 2 hours and do not be- 
come swollen, but after immersion during 20 hours, they become vesicular 
and moderately enlarged. 

The c3H;oplasm of the cells forming the ducts of the liver and pancreas unlike 
the parenchymatous cells of the these organs, contains few and small mito- 
chondria. In the space between these mitochondria are minute bodies of 
similar size which stain only with the counterstain and have stained rims and 
clear centers. With immersion in water these cells become swollen and cyto- 
chondria are seen as discrete swollen bodies; with greater enlargement they 
form almost uniformly distributed vacuoles separated by their stained rims. 
Similar changes are seen in the cells forming the necks of the gastric glands 
and in those that constitute the collecting tubules of the kidney. 

Osmotic Swelling of Tumor Cells 

Osmotic swelling of the cells of hepatomas following the long continued 
administration of butter yellow causes changes in the cytoplasm of tumor cells 
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identical with those seen in normal liver cells (Fig. 6). At the edges of pieces 
of tumor tissue immersed in water changes occur within a few minutes, and 
after 1 hour these changes may be almost uniform evcrj'where. Cells are 
swollen, basophile substance has almost completely disappeared, and distinctive 
mitochondrial stain is almost wholly lost. Within the swollen cells conspicuous 
spherical bodies, often well separated from one another and hence recognizable 
as discrete bodies, occupy the cytoplasm. With increasing swelling of these 
bodies, all stages are seen in the transition to the foam-like appearance that 
has been described. Identical changes as the result of water imbibition are 
seen in a hepatoma caused by the administration of acetylaminoflourene and 
in sarcomas caused by the introduction of 3,4-benzpyrene in paraffin into the 
subcutaneous tissue of rats. 

Hydropic S'jcdling of Cylochoiidria Caused by Dimelhylamitioazobeitzene 

Following the administration of butter yellow' to rats, conspicuous depletion 
of the basophile substance (ribonucleic acid) of the cytoplasm of liver cells 
occurs (2) and is often associated with accumulation of fat. The cytochondria 
in considerable part lose their ability to take up the basic stain and are colored 
by the acid dye (pink with the Giemsa stain). In sections appropriately 
stained mitochondria are in general more numerous in cells ne.xt to the portal 
spaces, but cytochondria with no mitochondrial stain are much more abundant 
than in cells of the normal liver. These are stained by the counterstain and 
usually occur in groups. As the central vein is approached, mitochondria 
diminish further and in some cells may be wholly absent, the cytoplasm being 
occupied in large part by C3d;ochondria that stain only with the counterstain. 
In places these bodies are enlarged, spherical, and conspicuously vesicular. 
With greater enlargement, what appear to be vacuoles are formed, and when 
these are abimdant, the cytoplasm has a foam-like appearance. Uniformly 
vacuolated cells often resemble liver cells with water imbibition, but these 
vacuoles are often less uniform in size than in tissue e.xposed to the action of 
hypotonic solutions. They are recognizable in sections of tissue fixed in lan- 
thanum acetate and formalin, frozen, and stained for fat and evidently contain 
none. 


Hydropic Swelling of Cytochondria Caused by Chloroform 

When the parenchyma about the central veins of the liver is injured by the 
administration of chloroform (0.25 to 0.3 cc. per 100 gm. of body weight in- 
jected subcutaneously with twice its volume of olive oil), necrosis may occur 
in contact with the vein; it is characterized by loss of nuclei and addophilia 
of the cytoplasm. In these cells the cytochondria are in great part swollen and 
spherical and have sharply defined rims deeply stained by the add dye. Just 
outside this area of necrosis, or perhaps in contact with the central vein when 
necrosis has not occurred, the much sw'ollen, rounded cells have a granular 
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translucent appearance, because their cytopaslra is occupied by spherical 
evidently swollen cytochondria whicli stain faintly with the basic dye. En- 
largement of cytochondria may give the cytoplasm a vacuolated or even 
foam-like appearance, and comparison with frozen sections stained with Sudan 
IV shows that these vacuoles do not contain fat. Nevertheless, in a broad zone 
surrounding the swollen granular cells, liver cells contain fat droplets in 
abundance. 

When sections of the liver of rats that have received chloroform as described 
above are stained for mitochondria (Regaud’s fluid, iron hemato.xylin, or ani- 
line-acid fuchsin) changes are found in these bodies throughout a large part of 
the portal unit. Only the liver cells about the portal spaces are like those of 
the normal liver; they contain well stained mitochondria in great abundance, 
and bodies of similar size, unstained by the mitochondrial stain, are not readily 
found; but in the midpart of the radius from portal space to central vein, 
a large part of the cytoplasm is occupied by bodies that do not take the mito- 
chondrial stain and are stained by the counterstain. In this part of the paren- 
chyma, mitochondria may be rod-shaped or round, and some of the latter 
shape are apparently losing their ability to take up the mitochondrial stain, 
so that they stain only at the rim and have a vesicular form. In the swollen 
cells about the central veins mitochondria are much less abundant and appear 
as small, scattered, round bodies (Fig, 7). Changes in cytochondria that do 
not take the mitochondrial stain are best seen when tissues fixed in Regaud's 
fluid are stained for mitochondria with aniline-acid fuchsin and counter- 
stained with alcoholic nigrosin (Fig. 8). The swollen spherical bodies stained 
by nigrosin are in some cells well defined as discrete structures and in other 
cells give a foam-like appearance to the cytoplasm. The changes are identical 
with those caused by immersion of fresh liver tissue in water. 

Accumulation of Fat in the Cytochondria of Liver Cells 

When the cytochondria of liver cells are enlarged by intake of water, their 
relation to fat deposited in visible stainable droplets becomes evident. To 
study this relation, accumulation of visible fat in the liver, that is, fatty de- 
generation, has been produced in the rat by several kinds of injury. Chloro- 
form poisoning causes accumulation of fat chiefly in cells about the central 
veins or in a zone surrounding necrosis in the same position (8) . Withdrawal 
of food causes the appearance of fat in liver cells (9) about the portal spaces. 
Removal of one kidney of the rat has been followed in the present study by 
accumulation of fat in liver cells; and in guinea pigs, fatty degeneration of the 
liver in the present experiments has followed the administration of diphtheria 
toxin. 

The lesion usually designated as fatty degeneration is an intracellular ac- 
cumulation of droplets of visible fat following various injuries to parench 3 miatous 
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organs. Normal fat metabolism in cells of an organ such as the liver takes 
place with no deposition of fat droplets within the cells, but injur>' of cells 
may bring about accumulation of visible fat. The chemical and physical 
changes determining the appearance of recognizable droplets of slainable fat 
have not been defined satisfactorily, but it may be assumed that the deposited 
fat has failed to undergo the usual transformation into phospholipids and other 
components of the cytoplasm. 

Small pieces of liver, the site of intracellular accumulation of fat, caused by 
each of the procedures mentioned above, have been immersed in water for I 
hour and after fixation in lanthanum acetate and formalin have been frozen, 
cut in thin sections, and stained with Sudan IV and hemato.xylin (Fig. 9). 
The cytochondria take up water and become swollen to form spherical bodies 
of at least twice their usual diameter and especially about the portal spaces 
their rims are marked by material stained by the basic dye. When fat ac- 
cumulation is in moderate quantity the contents of scattered cytochondria 
defined by their basophile rims have taken a deep orange color; whereas those 
about them may be unstained or stained in lighter shades of yellow. The 
contents of cytochondria in the same cell may stain with intensity varying 
from a pale yellow just perceptible to deep orange-yellow. This variation 
may be explained by assuming that stainable fat gradually accumulates within 
cytochondria at the e-xpense perhaps of an invisible lipoid content. Cells at the 
margin of areas of fatty change may contain only a few C3riochondria with faint 
shades of yellow. In the early stages of this fat accumulation, almost aU of 
the fat droplets visible in the cell approximate in size the swollen cytochondria 
(Fig. 9) and appear as spherical bodies surrounded by a delicate rim of basophile 
substance; but the larger droplets of more advanced fat change may have no 
recognizable basophile rim and those of considerable size may very well be 
formed by the coalescence of smaller droplets. 

RECVPITtrL-VTION AND DISCUSSION 

The purpose of this publication is to show that the cytoplasm of the cells 
that have been studied, including those of several varieties of neoplasm, is in 
great part constituted by minute bodies which vary much in their chemical 
composition but have surface properties that make them permeable to water 
and to other substances in the medium about them. These bodies, which for 
convenience may be designated cytochondria, in most normal cells are just 
within the range of microscopic xasibility and appear in appropriately stained 
sections as rounded particles with definable rim and clear central space. They 
are so much increased in size in certain pathological lesions that further details 
of their structure become evident (1). When subjected to the action of dis- 
tilled water or of solutions of certain substances, they enlarge so that they are 
readily visible and their relation to identifiable components of the cytoplasm 
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becomes perceptible. Their relation to ribonucleic acid, to water, and to fat 
indicates that they are concerned with important metabolic changes within 
the cells and observations that have been recorded here and elsewhere (1) 
show that they are concerned with a variety of pathological lesions. 

Ribonucleic acid is present in or upon the surface of a large part of the cyto- 
chondria of the normal liver and is increased when normal liver cells have been 
transformed into tumor cells (2). Removal of this substance by ribonuclease 
or other means leaves a body which stains with acid dyes more deeply at the 
periphery than in the center. The bodies that undergo these changes are in 
part mitochondria, as characterized by their well known reactions to mordants 
and to stains. In the parenchymatous cells of the liver the cytoplasm is in 
great part occupied by bodies with the reactions of mitochondria, but with 
appropriate methods (fixation in lanthanum acetate and formalin and staining 
with polychrome methylene blue and rose bengal or fixation in Regaud’s fluid 
and staining with aniline-acid fuchsin and counterstaining with alcohol-soluble 
nigrosin), bodies of similar form, but unstained by methods for the demon- 
stration of mitochondria, can be found in normal liver cells. When hepatomas 
are formed from liver cells rendered neoplastic as the result of prolonged feeding 
with butter yellow, the mitochondria are small and sparsely scattered in the 
cytoplasm of the tumor cells, while bodies of similar shape giving no mito- 
chondrial reaction but demonstrable by counterstains occupy the greater 
part of the cytoplasm (1). With a variety of injuries to the cytoplasm of 
liver cells, well illustrated by poisoning with chloroform, the mitochondria lose 
in considerable part their peculiar reaction to stains. For convenience all 
of the bodies that are characterized by a stained rim and clear central space 
have been designated cytochondria (1), the term mitochondria being limited 
to those with the well known staining reactions. Further its noteworthy 
that ail mitochondria lose their characteristic reactions when fresh tissue is 
immersed in distilled water but persist as vesicular bodies indistinguishable 
from other cytochondria. 

It has seemed desirable for the purpose of the present study to determine 
the effect of distilled water and of hypotonic solutions on several tissues in- 
cluding liver, kidney, pancreas, stomach, and some tumors. The results 
have been nearly uniform. Fluid enters the cell and causes swelling of it. 
At the same time the fluid causes the cytochondria, including mitochondria, 
to swell and assume a spherical form. Fluid apparently enters the cell more 
rapidly than it penetrates into cytochondria so that these are recognizable 
as discrete, much enlarged, spherical vesicular bodies with stained rim and 
faintly stained or unstained centers. With further swelling of these bodies, 
they occupy all of the space within the cell and, crowded against one another, 
their clear centers seem to form the meshes of a network. The cytoplasm 
may be said to have a foam-hke appearance. The cells of the acini of the 
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pancreas and of the gastric glands with secretion granules next to tiie lumina 
undergo changes similar to those of the liver, and their cytoplasm after 1 or 
2 hours of immersion in water appears vacuolated almost uniformly. The 
swollen bodies that represent tlie secretion granules are not distinguishable 
from cytochondria elsewhere in tlie cytoplasm. 

Hydropic swelling of cells with swelling of their cytochondria has been ob- 
served in association with butter yellow administration and is well illustrated by 
the changes that occur in liver cells adjacent to the zones of necrosis about 
central veins caused by chloroform. The changes are similar to those produced 
artifically by immersion of fresh tissues in water and reproduce the lesion 
that has been designated hydropic or vacuolar degeneration. What has 
long been known as cloudy swelling or granular degeneration is not definable 
exactly but is represented in part at least by the changes produced by chloro- 
form poisoning. The uncertainty that has existed concerning the relation 
of the granules of “parenchymatous degeneration’’ to mitochondria may be 
in part referable to the associated loss of mitochondrial stain following injury 
caused by agents such as chloroform or butter yellow. Anitschkow (5) and 
others have attributed parenchymatous degeneration to swelling of mitochon- 
dria. 

Some of the changes that occur in cytochondria produce well recognized 
lesions of which the pathogenesis has been obscure. In hepatomas produced 
by butter yellow, cytochondria may become swollen and deeply acidophile 
and, surrounded by a rim of basophile material, may form cellular inclusions 
resembling those associated with diseases caused by ultramicroscopic viruses (1). 

The properties of cytochondria that have been noted serve to define their 
relation to the fat droplets that accumulate within parenchymatous cells 
in the presence of injury (fatty degeneration). When liver tissue which has 
undergone this change, is e.xposed to the action of distilled water, fat is recog- 
nizable within swollen cytochondria marked by rims of basophile material. 

CONCLUSIONS 

Bodies that may be designated cytochondria occupy the greater part of the 
cytoplasm of the normal and tumor cells that have been studied. They are 
characterized (a) by their behavior as discrete particles with surface properties 
that cause osmotic changes in the presence of water; (6) by reactions to stains 
which show that they have a rim surrounding a clearer (h'poid) center; (c) 
by their varying relation to the basophile substance (ribonucleic acid) of the 
cytoplasm. 

Mitochondria which have characteristic reactions to stains promptly lose their 
distinctive reactions in the presence of solvents or as the result of pathological 
changes, becoming apparently indistinguishable from other cytochondrim 

Changes that occur in cjriochondna give insight into the pathogenesis of 
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a variety of pathological lesions. Hydropic swelling of cytochondria caused 
by chloroform, butter yellow, and other agents, representing one variety of 
parenchymatous degeneration or cloudy swelling, results in changes similar 
to those following the immersion of fresh tissues in water. 

When parenchymatous cells undergo fatty degeneration as the result of 
injury fat accumulates within cytochondria. 
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EXPLANATION OF PLATES 

These photographs were made by Mr. Joseph B. Haulenbeek. 

Plate 4 

Fig. 1. To show swelling of cytochondria of cells of liver with formation of discrete 
spherical vesicular bodies following immersion of the tissue in distilled water during 
2 hours. The cytoplasm of one cell (A) has assumed a “foam-like” appearance. 
Fixation in Regaud’s fluid and staining with aniline-acid fuchsin and alcohol-soluble 
nigrosin. X 1000. 

Fig. 2. To show advanced swelling of the cytocliondria of hepatic cells with “foam- 
like” appearance of cytoplasm, after immersion in distilled water during 2 hours. 
Regaud; aniline-acid fuchsin and nigrosin. X 1000. 

Fig. 3. To show swelling of the cytochondria of cells of the convoluted tubules 
of kidney with formation of discrete vesicular bodies; immersion in distilled water 
during 1 5 hours. Regaud; iron hematoxylin and phlo.xin. X 1000. 

Fig. 4. To show advanced swelling of cytochondria of the cells of the convoluted 
tubules of kidney with “foam-like” appearance of cytoplasm. The cytochondrial 
vacuoles form lines at right angles to the bases of the cells; immersion in distilled 
water during 1-J hours. Regaud; iron hematoxylin and phlo.xin. X 1000. 

Fig. 5. To show swelling of cytochondria of the cells of a secreting acinus of the 
pancreas; immersion in distilled water for one-half hour. There is a “foam-like” 
appearance of the cytoplasm and some basophile substance remains at tire bases 
of the cells and between vesicular bodies elsewhere. Zenker; Giemsa. X 1000. 

Fig. 6. To show swelling of the cytochondria of cells of a hepatoma produced by 
administration of butter yeUow. The cytochondria can be seen in the much swollen 
cells as discrete vesicular bodies. Fresh tumor tissue was immersed in tenth molar 
solution of lanthanum acetate during 6 hours and fixed in formalin. Stained with 
methylene blue and rose bengal. X 1000. 











Platu 5 


Fig. 7, To show swollen cells with mitocliondria diminished in numher and size 
in the liv'er of a rat that had received chloroform (0.25 cc. per 100 ym. of body weight) 
24 hours before death by bleeding. Clumps of black material represent the mito- 
chondria in relatively normal liver cells (.1). In some cells the mitodiondria are 
small and scattered (B) and in other cells (C) they have almost completel}' disap- 
peared, but when this is the case, bodies of similar size, not well defined in the photo- 
graph because they do not take the mitochondrial stain, replace them. Regaud; 
iron hemato.vylin and phloxin. X 1000. 

Fig. 8. To show the swollen cells of a rat that received chloroform (0.3 cc. per 
100 gm. of body weight) and was killed after 22 hours by bleeding. The sparsely 
scattered mitochondria are black. Swollen and vesicular cytochondria stained 
only with the counterstain can be seen in the cells marked (A) and others swollen 
to form vacuoles that give a “foam-like” appearance to the cytoplasm in the cells 
marked (5). Regaud; aniline-acid fuchsin and nigrosin. X 1000. 

Fig. 9. To show fat and cytochondria in liver cells swollen as the result of im- 
mersion of the fresh tissue in distilled water during 1 hour. The animal received no 
food during 48 hours before death and fat accumulated as droplets in cells about 
the portal spaces. The tissue after immersion in water was fi.xed in lanthanum 
acetate and formalin, sectioned after freezing, and stained with Sudan IV and hema- 
to.xylin. The fat appears black. Its inclusion within the basophile rims that define 
the cytochondria is not visible in the photograph. X 1000. 
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INHIBITION BY CERTMN POLYSACCILVRIDES OF 
HEMAGGLUTINATION AND OF ilULTIPLICATION 
OF INFLUENZ-A VIRUS 
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(From ike Lehoraiories of The Rockefeller Iitsiitulefor Medical Research) 

(Received for publication, April 9, 1947) 

Antagonism between structurally similar compounds provides a useful tool 
with which to investigate biological processes. An e-xample of how it has been 
used as a guide to study virus-host relationships will be described in the present 
paper. 

Examination of many cases of competition between structurally similar sub- 
stances has led to the conclusion that the inhibitory analogs compete with 
their related metabolites when the latter function as substrates for a metabolic 
reaction (1). Now, if one assumes, as Hirst has done (2), that influenza virus, 
in causing hemagglutination, may be likened to an en^me attacking a specific 
substrate in the red cell, then it might be possible to inhibit this activity of the 
virus by adding a suitably constituted analog of the substrate. Such an in- 
hibition would be analogous to the blocking of the action of succinic dehydro- 
genase by malonate, a close relative of succinate (3), as well as to numerous 
other more recent examples (1). Although the postulated substrate which the 
virus attacks in the red cell is unknown, the observations of Hirst and Hotch- 
kiss (4) that periodate destroys that part of the erythrocyte w’hich reacts with 
the virus suggested that it is carbohydrate in nature. Therefore, in the work 
now to be described, a number of simple and complex carbohydrates have been 
tested for their ability to inhibit agglutination of chicken red blood cells by 
influenza A virus. The virus-erythrocyte system recommended itself as the 
simplest case of virus-cell relationship, and it was hoped that any agent found 
effective in relation to it im'ght find application in an animal host in which 
multiplication of virus occurs (5). 

A number of polysaccharides were found to be capable of inhibiting hemag- 
glutination. Several of the effective agents examined contained large amounts 
of galacturonic acid, although some were related to other sugars. None of the 
simple carbohydrates tested showed any activity. Apple pectin, one of the 
most effective substances, was studied in some detail. 

Evidence was obtained that apple pectin exerted an effect on the virus as 
well as on the erythrocytes. If the working hypothesis were correct, combina- 
tion between the virus and the pectin would be expected, but reaction of the 

* Fellow in the Medical Sciences of the National Research Council; aided by a grant from 
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pectin with the erythrocytes would not be anticipated. The experimental 
results suggested that interaction occurred between every possible pair of the 
three participating substances (virus, polysaccharide, and cell). Therefore, 
it was of interest to find that from the erythrocyte itself a substance could be 
extracted which, like the carbohydrates, actively inhibited hemagglutination 
by the virus. 

Because apple pectin was quite able to inhibit virus hemagglutination it 
was tested for ability to inhibit virus multiplication in embryonated eggs. It 
was found that pectin was able to do this too. This was true not only when 
pectin was given before inoculation with the virus but also when it was injected 
1 to 2 hours afterwards. 

Although the working hypothesis just outlined has led directly to positive 
experimental results it does not necessarily mean that this hypothesis is the 
correct one. The actual findings may have been coincidental and quite un- 
related to the postulate that influenza virus reacts in an enzymic fashion with 
a carbohydrate substance in erythrocytes. 

The fact that apple pectin inliibits multiplication of virus in embryonated 
eggs as well as hemagglutination is suggestive but does not prove that the two 
phenomena are related. However, it is of more than passing interest that 
alginic acid, a substance closely similar to apple pectin in both physical and 
chemical properties, showed relatively little activity as an inhibitor of virus 
hemagglutination and likewise showed little or no potency as an inhibitor of 
virus multiplication in the egg. On the other hand die substituted nitroacridin 
3582, which has been demonstrated to have an inliibitory effect on the growth 
of influenza B virus in embryonated eggs, exerted no apparent effect on hemag- 
glutination (6). Furthermore, some hemagglutination-inhibiting carbohy- 
drates, e.g. citrus pectin, did not reduce multiplication of virus. 

Materials and Methods 

Virus Preparations . — Influenza A virus, PR8 strain, was used exclusively. This strain 
was obtained as an allantoic fluid preparation from Dr. Frank L. Horsfall, Jr,, of the Rocke- 
feller Institute. Allantoic fluids from the third and fourth egg passages made in this labora- 
tory were the source of virus used in the present study. With sh'ght modifications, passages 
were made and fluids collected and stored according to the directions of Hirst (2). 

Sources and Preparation of Carbohydrates . — Apple and citrus pectins, gum acacia, gum 
myrrh, alginic acid, agar, corn starch, galactose, ribose, glucose, and mannose were commercial 
samples. Preparations of the specific polysaccharide of gum acacia (7), of the blood group A 
substance, and of cellobiuronic acid were supplied by Dr. W. F. Goebel of the Rockefeller 
Institute. Galacturonic acid was obtained from Dr. M. A. Stahmann of the University of 
Wisconsin. 

The polyaldehyde of starch was prepared by the method of Jackson and Hudson (8), and 
the corresponding acid was made by treating an aqueous solution of the aldehyde with an ex- 
cess of cold sodium hypobromite and dialyzing the reaction mixture to remove excess reagents. 
The sodium salt of the polysaccharide was then precipitated from the aqueous solution by 
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adding alcohol. Inositol galactosidc tartrate was obuined from soybean liposilol as de- 
scribed by WooUcy (0). Xcvillc’s method (10) was employed for the preparation of llaxsccd 
mucilage, and the aldobionic acid of rhamnosc and galacturonic acid was m.adc from it accord- 
ing to the procedure of Anderson and Crowder (11). .Vn extract from laked chicken RBC was 
obtained as follows; Stromata were prepared from 150 cc. of washed chicken erythrocytes after 
hemolysis with disUllcd water. These ghosts were washed 4 times with saline and then 3 

times with water and finally suspended in 200 cc, of water and heated to I0O°C. for 5 minutes. 
The suspension was cooled and a clear solution obtained by high speed centrifugation. 

In testing for inhibition of hemagglutination the %-arious materials were dissolved in water, 
usually in a concentration of 2 per cent, and adjusted to pH 7. Those w hich did not dissolve 
in water, e.g. alginic add and gum myrrh, went into solution on neutralization. InfreQuently, 
it was necessary to remove a small amount of insoluble residue by filtration. 

Several methods of preparing solutions of apple pectin for injection into eggs have been 
tried hut that described below was the only one that yielded uiuformly good results. Pow- 
dered pectin, in small amounts at a time, was gradually sifted onto the surface of water heated 
to about 100°C. and stirred constantly. The solution was then neutralized with 1 n XaOH, 
autoclaved (11 pounds for 20 minutes), and when necessary, the pH readjusted to 7 by the 
addition of a sterile solution of XaOH. This method was time-consuming since about 3 
hours’ effort was required to obtain 100 cc. of a 5 per cent solution but it produced consistently 
clear solutions free of masses and insoluble residue. Departure from it often resulted in solu- 
tions which contained particulate matter and showed less successful results when tested in 
eggs. 

Tiiratwn of Virus by Agglulirtaliou of Chicken RBC . — Titrations of virus were made by 
Hirst’s procedure (2) except that readings were made by the pattern test reported by Salk (12). 
Serial twofold dilutions of allantoic fluid were made in saline,' using 0.5 cc. amounts. To each 
tube was then added 0.25 cc. of a 1 per cent suspension oi washed RBC from individual, adult 
chickens. Results were read after the tubes had stood in a vertical position at room tempera- 
ture (23-26°C.) for 2 hours. The highest dilution at which complete agglutination occurred 
was taken as the end-point and this amount of virus was arbitrarily considered one agglutinat- 
ing unit. 

The following criteria, identical in most respects with those described by Salk (12), were 
used in reading the tests: (1) -A pattern considered characteristic of complete agglutination 
was designated as c (complete). This pattem consisted of a uniformly thin layer of cells 
completely covering the concave bottom of the tube. It was easily seen as a salmon-pink 
layer of cells when the tube was viewed either from the side or from the bottom. (2) .A pat- 
tern considered characteristic of the absence of agglutination was designated as 0. Here, the 
cells did not stick to the margins of the bottom but slid down to the center formin'' a small 
compact, dark red mass with sharply defined, smooth edges. When tubes contai^g such 
patterns were tilted horizontally the cells ran smoothly dowm the bottom and onto the side of 
the tube, much in the manner of a drop of ink tunning down an inclined plane surface. (3) 
A pattern considered intermediate between c and 0 was designated as p (partial). This type 
apparently consisted of large clumps of cells which had settled to the center of the bottom of 
the tube but invariably occupied a larger area than the patterns designated 0; had ragged 
edges, and did not run smoothly on horizontal tilting. Furthermore, such patterns fre- 
quently showed small areas of a thin layer of cells around their margins and a thin rim of cells 
still attached to the upper periphery of the concave bottom of the tube. (4) A pattern con- 
sidered as closely approaching that described as 0 was designated t (trace). On casual in- 
spection, this pattern could not be differentiated easily from 0, especially when viewed from 


‘ Here, as elsewhere, saline means 0.85 per cent NaCl. 
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the side of the tube. It too consisted of a small, compact, dark red mass, occupying the center 
of the bottom of the tube. However, on closer inspection it was found that such patterns 
were slightly larger than the 0 type. In addition, the edges were somewhat granular and on 
horizontal tilting, when movement occurred, the cells tended to move as a single piece, rather 
than run smootlily. 

Titration of Virus by Infcctivity for Emhryonated Eggs . — Serial tenfold dilutions of allantoic 
fluids to be tested were made in phosphate buffer' and 0.05 cc. amounts of appropriate dilu- 
tions injected into the allantoic sacs of each of 2 to 5 embr>'onatcd eggs on the lOtli day of 
incubation. Incubation at 37.5°C. was continued for 48 hours, followed by chilling at 4‘’C. 
for 18 to 20 hours. /Vllantoic fluid was then removed from each egg, and tested for its ability 
to produce hemagglutination. 

Inhibition of Virus Hemagglutination by Various Carbohydrates 

Serial twofold dilutions of 2 per cent solutions of the substances tested were made in saline 
in 0.25 cc. amounts. To each tube was then added 0.25 cc. of a 1 per cent suspension of 
chicken RBC. This was followed by the addition of 0.25 cc. of virus-containing allantoic 
fluid so diluted in saline that each 0.25 cc. contained approximately 4 hemagglutinating units 
of virus (a 1-160 dilution of allantoic fluid). Positive controls consisting of only virus and 
cells and negative controls of only saline and cells were included and the results were read after 
2 hours at room temperature. 

The data presented in Table I show that several of the materials tested pre- 
vented the formation by influenza A virus of typical patterns of hemagglutina- 
tion. Those showing a considerable effect were fla.xseed mucilage, citrus pectin, 
apple pectin, blood group A substance, gum acacia, gum myrrh, and the ex- 
tract of chicken RBC. Many of the substances showing inhibitory activity 
were polysaccharides rich in galacturonic acid. However, polygalacturonides 
were not unique in this respect because gum acacia and concentrates of the blood 
group A substance, both of which do not contain galacturonic acid, were effec- 
tive. Alginic acid, a polysaccharide largely composed of mannuronic acid 
units, was practically inactive. Furthermore, complex carbohydrates such 
as starch and the polyaldehyde or polyacid prepared from it by o.xidation caused 
no inhibition of hemagglutination. None of the simple carbohydrates, such 
as galactose, galacturonic acid, the aldobionic acid from flaxseed mucilage, etc., 
e.xhibited any activity. The chemical composition and homogeneit}’’ of such 
materials as the pectins, plant mucilages, and gums are not sufficiently es- 
tablished to justify exact conclusions as to the nature of the configuration re- 
quired for inhibitory action. 

Efect of Various Carbohydrates on Chicken RBC in the Absence of Virus 

Because a wide variety of substances are known to cause hemagglutination 
(13,14) experiments were performed to determine whether the materials studied 
had any effect on RBC in the absence of virus. Tests identical with those 

- Except where otherwise indicated, phosphate buffer means 0.1 u sodium phosphate buffer 
at pH 7. 
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described in the preceding section, except that virus was replaced by saline, 
were set up. For facility in comparison these data also are presented in Table 
I. Several of the preparations tested in this manner caused some hemag- 
glutination. 2ifost of those capable of inhibitmg virus hemagglutination did 


TABLE I 

E^ect of Various SubsSanus ort ScnsaigltUinaiion of Ciickeft SBC in t}ie Presence of 
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0 

0 

Xormal rabbit scrum 

0 

t 

t 

t 

} 

t 

p 

p 



i 
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0 

0 

0 

0 

0 

0 




* Weight includes insoluble residue which was discarded. 


SO. However, a significant effect occurred only at concentrations higher than 
those at which there was inhibitory activity. The meaning of this was not 
dear, especially when it was found that some substances by themselves caused 
hemagglutination but showed no inhibitory action. 

Additional evidence that the pol 3 ^ccharides affected the RBC was obtained 
by showing that cells treated with a suitable concentration of apple pectin and 
then washed with saline did not behave in the same fashion, w’hen mixed with 
influenza virus, as did untreated cells. Thus, 0.25 cc. of a 1 per cent suspension 
of cells mixed with 0.25 cc. of apple pectin (3 mg. per cc.) plus 0.25 cc. of saline 
showed no agglutination after 2 hours at 25°C. The tubes were then centri- 
fuged lightly and the cells washed 5 times with saline and finally resuspended in 
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0. 75 cc. saline. After the cells had sedimented 0.25 cc. of the supernatant was 
removed and replaced by 0.25 cc. of saline containing 4 agglutinating units of 
virus ; the cells were resuspended and allowed to settle in the usual way. Read- 
ings then showed that only partial hemagglutination (readings of t or p) had 
occurred. However, when these cells were again washed several times and 
another 4 units of virus were added complete agglutination occurred. Further- 
more, cells suspended in a hemagglutination-inhibiting concentration of apple 
pectin and treated with virus before washing behaved in a similar manner. 

EJfecl of Apple Pectin on Virus 

In order to determine whether apple pectin had any effect on the virus itself 
mixtures of the two were made and tested for infectivity in embryonated eggs. 

1.8 cc. of a solution of apple pectin (10 mg. per cc.) in 0.08 ii sodium phosphate buffer at pH 
7 were mixed with 0.2 cc. of virus-containing allantoic fluid. After the mixtures had stood at 
23-26°C. for 45 minutes they were titrated for infectivity in embrj’onated eggs as previously 
described. Control mixtures in which phosphate buffer was substituted for apple pectin were 
examined simultaneouslj'. In one experiment alginic acid, in the same concentration a 
pectin, was used as a further control. The IDso titers of virus treated witli pectin in this 
manner w'ere approximately 10“^ whereas those treated with alginic acid and phosphate buffers 
alone were approximately 10“®. 

The results of four such experiments showed that the titer of virus mixed with 
pectin was reduced by about 1 log. 

Effect of Varying the Order of Mixing Apple Pectin, Cells, arid Virus 

The inhibition of virus hemagglutination effected by apple pectin was demon- 
strable when the reactants were mixed in the order previously described; 

1. e., apple pectin, plus cells, plus virus. Moreover, when pectin and virus were 
mixed together and cells added to the mixture a similar inhibitory effect was 
observed. However, when virus and cells were first mixed and pectin was then 
added no inhibition was obtained. This finding indicated that the inhibition 
of hemagglutination was not due to a change in viscosity or some other physical 
property of the system, brought about by the pectin. 

Difference between Inhibition of Hemagglutination Caused by Apple Pectin 
and That Caused by Normal Rabbit Serum 

The fact that normal animal and human sera inhibit hemagglutination[by 
influenza virus has been demonstrated repeatedly (2, 15, 16). The data in 
Table I illustrate this again. However, in contrast to the importance of the 
order of mixing for the inhibitory action of apple pectin, normal rabbit serum 
(heated at 56°C. for 30 minutes) caused inhibition of hemagglutination regard- 
less of the order. Thus normal rabbit serum, when added after virus and cells 
were mixed, prevented hemagglutination, whereas apple pectin did not. 
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Inhibilion by Apple Pectin of FjVjm Multiplication in Embryonaied Eggs 

1. When Pcciin IFim Injected j-'j Bour before Virus.— Oaa cc. of a 5 per cent solution of 
apple pectin was injected into the allantoic sac of each of a number of embryonated eggs on 
the 10th day of incubation. One-half hour later approxinutcly 100 IDm of influenza A virus, 
in a volume of 0.05 cc., were introduced into the allantoic sac. After incubation at 37.5°C. 
for 4S hours followed by chilling at FC. for 18 to 20 hours, the allantoic fluids were collected 
and titrated individually for the presence of virus by hemagglutination, and in some instances 
by infectivity for embryonated eggs. Eggs which had received varus alone or virus plus 1 cc. 
amounts of saline or a 5 per cent solution of alginic add served as suitable controls. 

Results illustrative of the best that were obtained are shown in Table II. 
As judged by the hemagglutination tests there had been considerable inhibition 
of virus multiplication in all of the pectin-treated eggs. In order to be sure 
that there was, actually, a reduction in the amount of virus, and that the pres- 
ence of pectin in these allantoic fluids was not interfering with hemagglutina- 
tion several of them were tested for infectivity. The results confirmed the 
hemagglutination findings and furthermore, showed that in the fluids tested 
no virus was detectable by this method. By subsequently adding known 
amounts of virus to these fluids it was shown that the presence of residual pectin 
in them did not significantly interfere with the detection of virus by means of 
hemagglutmation . 

Four e.Tperiments like the one depicted in Table II revealed that of a total of 
37 eggs thus treated with pectin only 5 were positive for hemagglutination. 
All controls were positive. Alginic acid was chosen as a control because of its 
similarity in ph3^ical and chemical properties to apple pectin and because it 
showed only a slight ability to inhibit virus hemagglutination. 

Furthermore, when judged by the results of hemagglutination tests, 25 mg. 
of apple pectin per egg afforded almost as much protection against 100 IDso 
of virus as did 50 mg. A decrease in virus multipflcation was observed when 
10,000 and even when 1,000,000 IDjo of virus were inoculated after the in- 
jection of 50 mg. of pectin. For e.xample, of 5 eggs given 10,000 IDso of virus 
all 5 were negative and of 5 eggs given 1,000,000 IDso 2 were negative. 

Pectin injected into the yolk sac in 50 mg. amounts either J^hour or 24 hours 
before inoculation of virus into the allantoic sac was not effective in inhibiting 
the multiplication of virus. 

2. When Pectin Was Injected 1 Hour after EjVm.— E mbiyoiiated eggs on the 10th day of 
incubation were inoculated with appromnately 100 IDso of virus and 1 hour later 1.0 cc. of a 
5 per cent solution of apple pectin was injected into the allantoic sac of each. Appropriate 
controls were inoculated with virus alone and with virus followed by 1.0 cc. amounts of saline 
or 5 per cent solutions of alginic add. The eggs were incubated and fluids harvested as pre- 
viously described. Results were determined by hemagglutination and, in some instances, by 
infectivity also. Of a total of 25 eggs so treated the allantoic fluids of 15 or 60 per cent have 
not contained su^dent virus to produce hemagglutination. 



TABLE n 


Effect of Various Substances, When Injected IjZ Hour before Virus, on the Multiplication of 
Influenza A Virus in Embryonated Eggs 


Dilutions of allantoic fluid 


Esperi- 

mcnt 

No. 


Substance 

injected 



1 None 


5 Alginic 


Amount 



acid 1.0 50 



+++ ! +++ 
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Results of a typical ea-pcriment are shown in Table III. It is evident that 
pectin given 1 hour after inoculation of virus e.\erted a significant inhibition of 
virus multiplication whereas alginic acid did not. The hifectivity titers, how- 
ever, showed that, in most instances, some multiplication had occurred. A less 
marked, but still appreciable, effect was obtained when the interval between in- 
jection of virus and pectin was inaeased to 2 hours. 


TABLE III 

Effect of Apple Pedin and Alginic Acid, Wken Injected 1 Hour After Virus, on Ike ilult{pli~ 
cation of Inffuenca A Virus in Embryonated Eggs 




Dautiou at alhatoic fluiil 

Substance 

mjected 

Ess 

No. 

Henusslutinia titers 

Isicctivity titers 



10 

20 

40 

so 

m 

B 

640 

U&Q 

2560 

0 

10* 

to* 

10* 

10' 

10* 
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0 

0 

0 

0 

0 

0 

“f 

+ 
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0 

0 
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0 

0 
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0 
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* Indicates that, at this dilution, approiiniately half the eggs used for testing were positive. 


Effect of Other EemagglulinalUns-Inhibiting Substances on Multiplication 
of Virus in Embryonated Eggs 

A number of substances showing hemagglutination-inhibiting effect were 
tested, in the manner described above, for the ability to inhibit multiplication 
of influenza virus in embryonated eggs. 

Citrus pectin, in 50 mg. amounts, fla.x5eed mucilage, in 10 mg. amoimts, and 
undiluted normal rabbit serum in 1 cc. amounts, did not inhibit the multiplica- 
tion of virus. Gum acacia, in 50 mg. amounts, did show a significant inhibitory- 
effect when injected one-half hour before virus but showed no effect when 
injected one hour after the virus. 
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Toxicity of A pple Pectin for Ejnbryonated Eggs 

Apple pectin in 50 mg. amounts (1 cc. of 5 per cent solution) was relatively 
non-toxic when injected into the allantoic sacs of embryonated eggs on the 10th 
day of incubation. Thus, in a preliminary experiment all 3 eggs of a group so 
treated survived to the time of hatching. Subsequent experiments in which 
virus and 50 mg. amounts of pectin were injected into the allantoic sac showed 
that of 196 eggs 28, or about 14 per cent, died within the 48 hour incubation 
period. 


SUIQIARY 

The complex carbohydrates apple pectin, citrus pectin, fla-xseed mucilage, 
blood group A substance, gum acacia, and gum myrrh as well as an extract of 
RBC, when examined in a pattern test, were shown to inhibit the agglutination 
of chicken RBC by influenza A virus. A number of other simple and complex 
carbohydrates showed no inhibitory effect. The hemagglutination-inhibiting 
action of apple pectin was examined in some detail and evidence was adduced 
to show that it affected both virus and red cell. Apple pectin was also found 
to inhibit the multiplication of influenza A virus in embryonated eggs. 
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THE NATURE OF NON-SPECIFIC INHIBITION OF VIRUS 
HEiLAGGLUTINATION* 
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(Received for publication, ilarch 20, 1947) 

The agglutination of red blood cells by certain viruses is the ftinction of a 
specific receptor substance associated with the cells, which combines with the 
virus (1). This reaction has provided in vitro methods for detecting these 
viruses and also their antibodies, since the latter specifically inhibit the agglu- 
tination reaction. It has been observed, however, that non-specific inhibition 
of virus hemagglutination may be caused by a variety of materials including 
normal sera (2), e.xtracts of animal tissues (3), normal allantoic fluid (4, 5), 
and human tears (6). Of interest in this respect is the finding that hemaggluti- 
nation with PVM wus in mouse lung extracts is not manifest unless the ex- 
tracts are heated to TO^C. (7), a procedure which apparently releases the virus 
from a non-specific inhibitoiy factor (8). 

In the course of studies on influenza virus antibodies in htiman tissues, a 
factor other than specific antibody was encotmtered which prevented hemag- 
glutination with influenza or mumps viruses. Further investigation of this 
reaction has provided evidence that the virus receptor substance which has 
been released from cells may be responsible for the inhibition reaction. The 
experiments are reported in the present paper. 

Methods 

Preparation of Virus Suspensions.— The PR8 strain of influenza virus and the Lee strain 
of influenza B vinis were used in these experiments. Suspensions of the viruses were prepared 
by inoculating egg-passaged virus into the allantoic sac of 11 day old chick embryos. After 
48 hours at 37°C., the eggs were chilled overnight at 4'’C. and the blood-free gllanfmV fluid 
removed. The virus suspensions were then cleared by centrifugation at 3,000 E.PJI. for 
15 minutes. 

The strain of mumps virus used was obtained through the courtesy of Dr. J. F. Enders as 
amniofle fluid of the 36th passage in embryonated eggs. The virus was inoculated into the 
amniotic sac of embryonated eggs on the 7th or 8th day of incubation. After further incuba- 
tion at 37°C. for 4 days, the amniotic fluid was removed and cleared by low speed centrifuga- 
tion. 

All virus suspensions were stored at — 76°C. 

Hemagglutination Twfr.— -Titration of the hemagglutinin in influenza and mumps virus 
suspensions was done according to the method of Salk (9). In the agglutination inhibition 

* This study was aided by a grant from the United States Pubh'c Health Service. 
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test 0.25 cc. of dilutions of serum or tissue c.xtract was mhcd with an equal volume of virus 
suspension containing a known concentration of hemagglutinin. After 1 hour at room tem- 
perature 0.5 cc. of a 0.25 per cent suspension of washed chicken red blood cells was added with 
a pipetting machine. The final concentration of agglutinin in the system was 2 units, unless 
otherwise indicated. The results were read after hours at room temperature. The titers 
were recorded as the reciprocal of the highest dilution producing complete inhibition. 

experimental 

Agglutination Inhibition Tests loith Human Serum and Tissue Extracts . — 
Human autopsies were first used as a source of material for studying agglutina- 
tion inhibition titers of serum and tissue extracts. 

Serum and tissues were obtained from a total of ten autopsies, which were performed from 
1 to 7 hours after death. Only tissues which showed no gross or microscopic evidence of 
disease were included in this study. Ten per cent saline extracts of the tissues were prepared 
by grinding weighed portions with alundum and suspending in saline. The extracts were 
cleared by centrifugation first at 3,000 R.p.u. for 15 minutes and again at 12,000 r.p.m. for 
15 minutes. Blood was obtained from the heart, and the serum was separated after clot 
retraction. Serial dilutions of the extracts and serum were tested for capacity to inhibit 2 
units of the PR8 and Lee strains of influenza virus and the mumps virus, as described under 
Methods. 

Table I summarizes the results obtained with tissue extracts and serum from 
three autopsies, which are representative of the findings as a whole. Patient 1 
was a normal fuU term infant who died during delivery. The autopsy was per- 
formed 2 hours after death. The second patient was a 4 year old boy who 
died shortly after arrival at the hospital. The cause of death was not deter- 
mined. The only findings at autopsy, which was performed 1 hour after death, 
were cardiac hypertrophy and dilatation, some pulmonary edema, subendo- 
cardial hemorrhages, and submucosal hemorrhages of the stomach. Cultures 
of the lung and blood showed no growth and a nasopharyngeal culture was 
negative for C. diphlheriae. Patient 3 was a 56 year old man who died suddenly 
following myocardial infarction. Autopsy was done 4 hours after death. 

In general, it will be seen (Table I) that inhibition of agglutination with the 
influenza and mumps viruses was obtained in high titer with all of the materials 
tested. Extracts of human spleen were also found to cause inhibition in high 
titer (not shown in the table). Of particular interest was the finding that the 
titers of the organ extracts were often higher than the serum titers. Previous 
work on comparative antibody titers of serum and tissue extracts against the 
t3rphoid bacillus (10) and the papilloma virus (11) has revealed a much higher 
titer of specific antibodies in the serum than in the tissue extracts. It was 
suspected, therefore, that some factor other than specific antibody was respon- 
sible for the inhibition of the agglutination reaction, 

E^ect of Heat on the Inhibitory Factor in Htwan Serum and Tissue Extracts . — 
Tests were next done to determine the effect of heat on the capacity of human 
serum and tissue extracts to inhibit virus hemagglutination. 
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Mquots of scrum diluted 1:10 and 10 per cent extracts of human tissues were heated at 
56®, 65°, and 75°C. for 30 minutes. The precipitates svhich formed were removed by centrifu- 
gauon at 3,000 R.P.ir. for 15 minutes and again at 12,000 R.P.si. for 15 minutes. Serial dilu- 
tions of unheated and heated scrum and tissue extracts were then tested with 2 units of PR8, 
Lee, and mumps viruses. 

Table II shows the results of an c-x-periment with material from a 2 months 
old infant, which had unusually high inhibition titers. It will be seen that 


T.UJLE I 


Agglulinalioii Infiibslicn TiUrs cj Uumon Serum and Tissue Eiiracts 


P^tieat No,* 

Test vinist 

mhibitioa Uteri 

SOTOl 

Stliae extracts 

Lun* 

Liver 

Kidney 

' Muscle 


PR8 

M) 

1 610 

2560 

t 610 

! 40 

1 

Lee 

640 

1280 

640 

1280 



Mumps 

1280 

1280 

640 

1280 

320 


PR8 

1280 


10,240 

2560 


2 

Lee 

320 


2S60 1 

640 



Mumps 

320 

1280 

640 ! 

640 



PR8 

1280 

640 

640 

1280 j 

80 

3 

Lee 

320 

320 

610 

160 1 

80 


^fiunps 

1280 

1280 

1280 

2560 1 

320 


* See text for description of cases and autopsy findings, 
t Two hemagglutinating units of virus. 

§ Titers are expressed as reciprocal of highest dilution causing complete inhibition of 
hemagglutination. TbedJlution factor of tie extssets is caJculated in tensisoi wet weight of 

the tissue. 

heating up to 75°C. for 30 minutes had no significant effect on the inhibitory 
substance in serum. In general, however, the titers of the tissue e.vtracts were 
reduced by heating to 75°C. 

It is obviously difficult from e.xperiments with human serum and tissue ex- 
tracts to decide whether we are measuring virus antibodies or a non-specific 
factor, since most htiman sera contain influenza and possibly mumps virus anti- 
bodies. It is well known, however, that the generality of antibodies are de- 
stroyed by heating at 75°C. Furthermore, some of the serum and tissue ex- 
tracts with high inhibition titers had no demonstrable neutralizing antibodies. 
It seemed reasonable, therefore, to conclude that at least a part of the in- 
hibition titers observed with serum and e.xtracts of human tissues were due to 
some factor causing non-specific inhibition of the agglutination reaction. 

It is recognized that the preceding findings might be criticized since they 
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TiVBLE II 


Ejfcct of Beal on Inhibitory Substance 


Test virus 

Material* 

Agglutination inhibition titer 

Not heated 

Heated 30 min.t 

S6"C. 

6S’C. 

ts-C. 


Serum 

5120 

5120 

5120 

5120 


Lung 

10,240 

20,480 

5120 

2560 

PR8 

Liver 

40,000 

2560 

640 

160 


Kidney 

20,480 

20,480 

10,240 

10,240 


Muscle 

2560 

1280 

2560 

320 


Serum 

2560 

5120 

2560 

2560 


Lung 

20,480 

20,480 

5120 

5120 

Lee 

Liver 

10,240 

320 

160 

<80 


Kidney 

20,480 

2560 

1280 

640 


Muscle 

1280 

160 

SO 

<80 


Serum 

1280 

640 

640 

640 


Lung 

10,240 

5120 

1280 

640 

Mumps 

Liver 

2560 

160 

80 

<80 


Kidney 

5120 

320 

SO 

<80 


Muscle 

1280 

80 

80 

SO 


* Tissues obtained from 2 monthoid infant with congenital heart disease, 1 hour after death, 
t Serum and extracts 1 : 10 in saline. 


TABLE III 

Inhibition Titers of Normal Rabbit Serum and Tissue Extracts 


Agglutination inhibition titer 


Normal rabbit 

Not heated 

S6°C. 30 min. 

Test virus 

Test virus 

PR8 

Leo 

PR8 

Lee 

Serum 

160 

40 

20,480 

2560 

20,480 

320 

160 

40 

20,480 

10,240 

10,240 

320 

160 

<40 

10,240 

40 

2560 

<40 

160 

<40 

20,480 

1280 

2560 

<40 

Red cell extract 

Lung extract 

Liver " 

Kidney “ 

Muscle “ 



were obtained with autopsy material. Comparable experiments were under- 
taken, therefore, with normal rabbit and guinea pig tissues. Table III sum- 
marizes the results obtained in a typical e.xperiment with serum and tissue 
extracts from a normal rabbit. The findings are similar to those observed with 
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human tissues in that extracts of the tissues had higher inhibition titers than 
the serum and heating at 56°C. had no detectable efxect on the serum or lung 
extract titers but reduced the titers of the liver, kidney, and muscle extracts. 
Similar findings were observed with guinea pig serum and tissue extracts. 
Hirst, has already reported that extracts of ferret lung cause marked inhibition 
of influenza, virus agglutination (3). Obviously, specific antibodies cannot be 
responsible for the inhibition of virus hemagglutination produced by serum and 
tissue extracts of normal animals. 

jEJ’eci of Hemoglobin on Inhibition Titers of Organ Extracts. — The extracts 
tested in the preceding experiments contained considerable amounts of hemo- 
globin due to extraction of the red blood cells present in the tissues. Attempts 
were therefore made to obtain extracts with as little hemoglobin as possible. 
For this purpose, lungs were removed from normal rabbits and guinea pigs. 
Immediately after removal, one-half of the lung was thoroughly perfused with 
physiolo^cal saline through the pulmonary artery, while the other half was 
not perfused. Sahne extracts of the perfused and non-perfused lungs were 
then prepared and the capacity of each to inhibit influenza virus hemagglutina- 
tion was determined, as previously described. Although extracts of the per- 
fused Irmgs contained no visible hemoglobin, they still caused inhibition. The 
virus inhibition titers, however, when compared with extracts of non-perfused 
Iting taken from the same animal, were usually reduced two- to fourfold. 

The decrease in inhibition titers of organ e.xtracts observed in these e.xperi- 
ments indicated that both tissue cells and red blood cells yielded the inhibitory 
substance. The latter possibility was tested further in the next experiments. 

Inhibitory Substance in Red Cell Extracts . — 

Human, chicken, sheep, and rabbit red blood cells were obtained in citrate and washed three 
times in physiological saline. The hemagglutinin titer of PRS, I.ee, and mumps virus prepara- 
tions was determined with each of the red cell suspensions (0.25 per cent) in the usual way. 
The red cells were then extracted in saline m a Waring blendor (1 : 20 by volume of packed cells) 
and centrifuged two times at 3,000 E-p.il for 13 minutes. Serial dilutions of the supernatant 
fluids were tested for capacity to inhibit agglutination of chicken red cells as already described 
using 2 units of PRS, Lee, and mumps viruses. 

Table IV illustrates the results obtained in numerous tests with human and 
animal red blood cells. The findings clearly indicate a correlation between the 
capacity of the red cells to agglutinate with these viruses and the inhibition 
titers produced by extracts of the red cells. Human and chicken red cells ag- 
glutinated readily with these viruses and extracts of the cells caused inhibition 
of agglutination in high titer. Rabbit red cells, on the other hand, agglutinated 
weakly with the viruses and their extracts caused little or no inhibition (see 
also Table HI). Sheep red cells varied in their capacity to agglutinate with 
mumps and influenza virus and also in their yield of the inhibitory substance. 
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In the experiment with sheep cells recorded in Table IV, agglutination was 
observed only with the mumps virus, and extracts of the cells inhibited hemag- 
glutination only with mumps virus and not with the PR8 or Lee influenza 
virus. 


TABLE IV 


Comparison of Virus Receptor Substance and Inhibitory Substance of Red Blood Cells 


Red blood cells 

Asglutination tiler with 

Inhibition titer* red cell extracts 

Influenza vims 

Mumps 

virus 

Test virus 

PR8 

Lee 

1 PR8 

i 

1 Lee 

Mumps 

Human 

256 

1024 

1024 



2560 

Chicken 

512 

2018 

1024 



5120 

Sheep 

<32 

<32 

256 

<80 

<80 

2560 

Rabbit 

<32 

<32 

1 

<32 

<80 

<80 

<80 


* Expressed as highest dilution of extracts causing complete inhibition of chicken red cell 
agglutination with 2 units of test virus (see text). 


TABLE V 

Effect of Removal of Receptor Substance from Red Blood Cells 


Chicken red cells treated with* 

Asglutination 
of red cells) 

Agglutination inhibition titers of 
red cell extracts 

PR8 

Test virus 

Lee 

Mumps 

Saline 

+ 

1280 

1280 

640 

Normal allantoic fluid 

+ 

1280 

1280 

640 

PR8 allantoic fluid 

0 

<160 

<160 


Lee allantoic fluid 

0 

<160 

<160 



* 37‘’C. for 17 hours (see text), 
t With PR8, Lee, and mumps viruses. 


Further experiments revealed that extracts of human and chicken red cells 
did not neutralize influenza virus in mice. Furthermore the extracts failed to 
fix complement in mixtures with influenza and mumps viruses. 

Group O human red cells were ordinarily used in these experiments. How- 
ever, tests with group A and with group B red cells showed no significant differ- 
ence in the yield of the virus inhibitory substance. Furthermore, purified 
group A and B substances^ caused no inhibition of red cell agglutination with 
PR8, Lee, or mumps viruses. Extracts of Rh-positive and Rli-negative cells 

^ We are indebted to Sharp and Dohme, Incorporated, Glenolden, Pennsylvania, for the 
supply of blood group specific substances A and B. 
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both caused inhibition of virus agglutination. It would appear, therefore, that 
the blood group substances A and B and the Rh factor are distinct from the 
substance obtained from human red cells which is responsible for the inhibition 
of virus agglutination. 

Experiments on the effect of heat on the virus inhibitory substance in ex- 
tracts of human and chicken red cells revealed that a temperature of 56 C. 
for 30 minutes usually reduced the titer of inhibition. No detectable inhibition 
was present after heating at 65°C. for 30 minutes. The inhibitory substance 
in red blood cell extracts appears therefore to be more susceptible to heat than 
the substance in serum. It has a greater resemblance m this respect to the 
substance in liver or muscle extract (Table II). Whether this indicates a 
fundamental difference between the inhibitor in red cell extracts and that in 
serum or in certain tissue e.xtracts cannot be determined from the available 
data. It is well knoum, however, that the effect of heat on biologically active 
substances is greatly influenced by a variety of factors, for example the con- 
centration of extraneous proteins, including the kind and quantity of extraneous 
proteins and other constituents of the menstruum. 

Efect of Removal of Receptor Substance from Red Cells . — Hirst (1) showed that 
influenza virus is rapidly adsorbed onto diicken red blood cells and after 4 to 
6 hours at 37°C. almost all of the xurus is released from the cells. Red cells 
which had been treated in this manner lost their capacity to agglutinate due 
to removal of the virus receptor substance from the cells. In the next e.xperi- 
ments chicken red blood cells were treated with influenza virus at until 
they no longer agglutinated and then extracts of the cells were tested for ca-j 
pacity to inhibit hemagglutination. 

Sterile chickeD red blood cells were obtained in citrate and washed three times in sterile 
saline. 0.5 cc. ah'quots of the packed cells were mixed with 19.5 cc. of saJine, normal 
allantoic fluid, PR8, and Lee allantoic fluids, respectively. Although the viruses had been 
obtained aseptically, penicillin (50 units per cc. final concentration) was added to each mixture 
as a further precaution. The mixtures were incubated at Z1°C. for 16 hours with frequent 
resuspension of the cells. The red cells were then sedimented by low speed centrifugation 
and washed twice in sterile saline in the centrifuge. The mixtures were further incubated at 
37°C. for another hour. The red cells were then washed twice in saline and suspended in 
19.5 cc. of saline. The cells were tested for capacity to agglutinate with inflnoTiTa and mumps 
viruses and finally extracted in the Waring blendor. The supernatant fluids, after clarifica- 
tion by centrifugation, were tested for residual virus and for the inhibitory substance as de- 
scribed in the preceding experiments. 

Chicken red cells treated with saline and normal allantoic fluid retained their 
rapacity to agglutinate with the viruses tested and extacts of these cells caused 
inhibition of agglutination. Extracts of virus-treated cells, which contained no 
residual virus and which no longer agglutinated with influenza or mumps 
viruses, failed to cause detectable inhibition as illustrated in the experiment 
shown in Table V. The results clearly indicated that removal of the receptor 
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substance from red cells also removed the inhibitory factor from extracts of 
the cells. 

Dissociation of Virus from Inhibitory Substance . — Influenza virus is eluted 
from chicken red cells after incubation for varying lengths of time at room tem- 
perature or, more rapidly, at 37°C. (1). The hemagglutinin of mouse pneu- 
monia virus can be dissociated from the inhibitory component of mouse lung 

T/\BLE VI 


Dissociation of Injlacnza Vints from Inhibitory Substance 





Asslutioation of chicken red cells 


Temperature 

virus in 
mixtures 


Virus and inhibitor* incubated 




1 min. 

1 hr. 

3 hrs. 

6 hrs. 

-c. 

1 

1 

0 

1 

0 

0 

0 


2 

0 

0 

0 

0 

22 

4 

± 

0 

0 

+ 


8 

rir 

0 

± 

+ 


16 

+ 


-h 

+ 


1 

0 

0 

0 

0 


2 

0 1 

0 i 

0 

iib 

37 

4 

0 i 

0 

db 

+ 


8 

± 


+ 

+ 


16 

+ 

+ 

+ 

+ 


* Mixtures of chicken red cell extract and virus incubated for various periods as indicated, 
before addition of red cells (see text for details of experiment). 


extracts by heating at 70°C. (7, 8). Experiments were undertaken, therefore 
to see whether influenza virus could be released from the inhibitory substance 
in red cell extracts by these methods. 

Four cc. of serial dilutions of Lee allantoic fluid in duplicate was mixed with an equal volume 
of a chicken red cell extract (1 :40). One set of the mixtures was placed in a 37°C. water bath, 
while the other was left at room temperature (23°C.). Samples (0.5 cc.) of each mixture %vere 
tested immediately and at 1, 2, 3, and 6 hours, by adding 0.5 cc. of a 0.25 per cent suspension 
of chicken red cells. Agglutination was recorded as usual after hours at room temperature. 

The results of this experiment are shown in Table VI. Inhibition of aggluti- 
nation was apparent immediately after mixing the virus with the red cell ex- 
tract. After incubation for 6 hours, however, hemagglutination was again 
manifest, particularly in the mixtures containing 4 units of virus. There was 
no striking difference in the reaction at 23°C. and at 37°C, Repeated tests 
have confirmed these findings and similar results were obtained with human 
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red cells. In general, it appeared that the dissociation of virus and tlie in- 
hibitory substance in the ted cell e.-ctracts was less striking than the elution of 
virus from intact red cells (1), and that critical amounts of virus and inhibitor 
were required for its demonstration. 

DISCUSSION 

The substance (or substances) responsible for inhibition of virus hemaggluti- 
nation obser\’ed in these e.\periments is apparently widespread in the human 
and animal bod}'. It can be detected in serum, muscle, various organs, and 
in the red blood cells of certain species. The e.vperiments with red blood cells 
(Table I\’, V, IT) leave h'ttle doubt that the inhibitor" substance obtained from 
these cells is identical with the receptor substance of intact red cells which com- 
bines with virus to produce agglutination. It seems likely that the inhibitory 
effect of tissue extracts is based on the same mechanism, since the virus re- 
ceptor substance is found in tissue cells as well as in red blood cells. The 
available data, however, do not exclude the possibility of other substances in 
tissue extracts producing a similar effect. 

The simplest explanation of the non-specific inhibition reaction is that the 
receptor substance which has been released from cells combines with virus and 
blocks the union of the virus with the red blood cells. The presence of an 
inhibitory substance in human tears (6) and also in serum suggests that the 
receptor substance is released from cells imder natural conditions in the body. 
The findings with the virus inhibitory substance are similar in certain respects 
to those with the blood group substances A and B. Both are foimd in many 
types of mamm alian cells in addition to red cells, and also in various body fluids 
in solution. Furthermore, the blood group substances in solution may combine 
with isoantibodies to inhibit hemagglutination (12). Evidence that the virus 
inhibitory substance is not an antibody and that it is distinct from the blood 
group substances (A, B, and Rh) has been provided in the text. 

Further study of the inhibitory substance will be required to assess its signif- 
icance in the body and in serological tests involving the agglutination in- 
hibition reaction for detecting specific virus antibodies. The failure of the 
substance to neutraUze influenza virus in vivo suggests that it is not an important 
factor in preventing infection. It might be postulated, however, that it plays 
a rble in influenza virus infection of individuals with circulating antibodies by 
preventing union of the virus with antibody. Cumen and Horsfall (8) ob- 
served that PVHI virus in combination with the tissue factor causing inhibition 
of hemagglutination failed to fix complement in mixtures with immime serum. 

It should be emphasized that a sensitive method for detecting the inhibitory 
substance was used in the present experiments for purposes of studying the 
substance. Non-specific inhibition titers of animal sera have been reported 
to be less than 1 : 32 when titrated according to the method of Hirst and Pickels 



74 


NON-SPECIFIC INIUBITION OF VIRUS HEMAGGLUTINATION 


(13), although extracts of ferret lung caused inhibition at a titer of 1:10,000 
(3). Salk’s method (9) of making serial dilutions of serum in the red ceU sus- 
pension and then adding virus was found to decrease the non-specific inhibi- 
tion titer. Apparently, in the latter metliod, the receptor substance of the 
red cell and the inhibitory factor in the serum compete for the virus, with less 
virus bound by the inhibitor than when virus and inhibitor are mixed before 
the addition of red cells. Francis (14) reported recently that inhibition titers 
of normal human sera were greatly increased when Type B influenza virus, 
heated to 56°C., was used instead of unheated virus. It is possible that the 
factor in serum causing this reaction is the same as the inhibitory substance 
encountered in the experiments reported here. 

At the present time there is no simple method available for differentiating 
non-specific inhibition from that produced by specific antibody in human 
sera. The method used to dissociate the hemagglutinin of mouse pneumonia 
virus from the inhibitory substance in lung extracts, namely heating to 70°C. 
(7, 8) is not applicable to influenza virus, because the latter is more susceptible 
to heat than the substance causing inhibition. The dissociation of influenza 
virus and inhibitor by incubation at 22°C. or 37°C. (Table VI) would not ap- 
pear to be a practical method for recognizing the non-specific factor, since the 
reaction proceeds slowly and its demonstration is dependent on critical amounts 
of virus and inhibitor in the mixtures. A rise in the serum inhibition titer, 
however, is undoubtedly due to specific antibody, for the fact has been abun- 
dantly demonstrated by neutralization and complement fixation tests with 
influenza virus. 


SUMMARY 

A study of the component in serum and tissue extracts responsible for non- 
specific inhibition of hemagglutination with mumps virus and the PR8 and 
Lee strains of influenza virus has yielded the following results: 

1. The inhibitory factor was found in high titer in human serum and in 
saline extracts of various organs prociured at autopsy (lung, liver, kidney, 
spleen). The inhibition titers of extracts of these organs were usually higher 
than the serum titers, whereas the titers of muscle extracts were invariably 
lower. 

2. Similar results were obtained with serum and tissue extracts from normal 
rabbits and guinea pigs. 

3. The serum inhibition titers were not affected by heating to 75°C. for 30 
minutes, whereas the titers of the tissue extracts were usually reduced by beat- 
ing at 65°C. or 75°C. for 30 minutes. 

4. Saline extracts of human and chicken red blood cells also contained an 
inhibitory substance in high titer, and these cells showed marked agglutina- 
tion with influenza and mumps viruses. Rabbit red cells, on the other band. 
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undenvent little or no agglutination with these viruses and extracts of these 
cells failed to cause inhibition. Sheep red cells varied in their capacity to ag- 
glutinate and also in their yield of the inhibitory substance. 

5. VJhta the virus receptor substance was removed from chicken red cells 
by adsorption and elution with influenza -wrus, extracts of the cells no longer 
yielded the inhibitory factor. 

6. The inhibitory substance did not neutralize influenza virus in mice and it 
failed to fix complement when mixed with influenza or mumps viruses. 

7. Evidence was obtained that some virus was released from the inhibitory 
substance after incubation for 6 hours at 22°C. or 37°C. 

The implications of these findings are discussed. 

The technical assistance of Mrs. Jane Brady, Miss Sarah Moorhead, and Miss Frances 
Sterne is gratefully acknowledged. 
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ANTIPROTEINS IN HORSE SERA 

n. Antibodies to Pneumococcus Nucleoprotein and Their Re^vchon 

WITH Antigen’J 
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{Freni Ihc Dcparhncr.l of Medicine, College of Physicians and Surgeons, 
Columbia University, and the Presbyterian Hospital, Nev York) 

(Received for publication, April 16, 1947) 

The isolation of bacterial toxins in a state of high purity and their identifica- 
tion as proteins (1) have made it evident that the long knowTi and much studied 
antitoxins which appear in the sera of toxin-mjected horses represent the 
classical form of antiprotein elaborated by this animal. The in vilro reactivity 
of antito.xins, as typified by the Ramon flocculation titration, is characterized 
by a narrow zone of speofic precipitation with toxins. The region of insoluble 
compounds corresponds to the equivalence zone (2) of the precipitin reaction. 
This precipitin type of interaction occurs between a multitude of antigens and 
homologous antibodies formed in the rabbit, as well as between the specific 
polysaccharides of pneumococci and the corresponding anticarbohydrate in 
both rabbit and horse antisera to type-specific pneumococci. The reaction does 
not show inhibition in the zone of antibody excess. 

In view of these differences it became of interest to study the reaction between 
a typical, non-toxic protein and the anribodies engendered by it in the horse, 
and an antiserum to crystalline egg albumin (Ea) was prepared (3). This was 
found to give the reaction pattern of an antitoxin with Ea (3, 4). Subsequently, 
a similar course was noted for the interaction of hemocyanin and certain sam- 
ples of antihemocyanin produced in the horse (5). Since, however, the anti- 
carbohydrate in antipneumococcus horse sera gives typical precipitin reactions 
with the specific polysaccharides of pneumococcus (6), it was thought desirable 
to characterize, if possible, the reaction of pneumococcus nucleoprotein, one 
of the group-specific antigens of pneumococci (7), with antinucleoprotein 
formed in the horse. Many potent antipneumococcus horse sera were tested, 
but in all of these the immune substances consisted mainly of type-specific 
anticarbohydrate and smaller quantities of antibodies to “C-substance” (8, 9). 
Finally, measurable amounts of antiprotein were found in a serum. No. 16,^ 

• The work reported in this communication was carried out under the Harkness Research 
Fund of the Presbyterian Hospital. 

f The first paper of this series, although not numbered as such at the time, is that given in 
reference 4. 

* Kindly made available in 1939 by Dr. Alvan L. Barach, of this Department. 
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which had been obtained some years previously by intravenous injection of a 
horse with the pleural exudate resulting from the intratracheal injection of 
horses with virulent Type I pneumococci (10). The study of this serum is 
described below. 



/Inti^en Nin Precipitate 

Fio. 1. Squares, circles represent total N in specific precipitate with protein from pneumo- 
coccus I R (Dawson S), II R (S), respectively. 

Triangles, crosses refer to antifabdy N predpitated by pneumococcus I, II protein, respec- 
tively. 


EXPERIMENTAL 

M alerials and M ethods 

Pneumococcus Nudeoprotchi ^. — R (Dawson S) strains derived from Type I and Type 11 
pneumococci were separately grown for 15 to 20 hours in meat-infusion-phosphate-glucose 
broth, centrifuged off, and, with or without a preliminary washing with saline, were extracted 
in the cold for 10 to 12 hours with excess 0.01 N sodium hydro-xide solution. After centrifuga- 
tion the clear supernatants were acidified with acetic acid to maximum flocculation. The 
precipitates were centrifuged off, redissolved rvith water and N sodium hydro.tlde solution until 
just pink to phenolphthalein, centrifuged, and reprecipitated. After several repetitions of 


» These preparations were made by Dr, E. A, Rabat in 1933-34. 
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this process each solution was filtered through a Bcrkefcid V candle and repredpitated by 
means of acetic acid. The product was washed witli water and redistillcd acetone and dried 
in wc!w at room temperature. Solutions were made by suspension of weighed samples in a 
little water, addition of a slight excess of N sodium hydroxide, neutralixation after raadmal 
solution had been attrined, and centrifugation from insoluble material. The resulting solu- 
Uons were diluted with 0.9 per cent saline and analjzcd for nitrogen by the micro-Kjel^l 
method. It was assumed, for purposes of calculation, that all of the nitrogen was contained 
in the Duclcoprotein and was available for the predpitin reaction. 

TABLE I 

Pfecipitaticn of Aniipneumoccccus Type I Horse Serum 16 urith Nucleopretein from Type I 

and Type II Pneumococci 


0°C., 48 to 96 hours; calculated to 5.0 ml. serum 


Amount Type I pneumo- 
coccus nucleoprctein 
jutrogen added 

Kuclcopro* 
icin N pre- 
cipitated* 

ToulN 

preaptUud 

Antibody N’ 
precipitated 

Antibody 

N* antigen 

N n pre- 
cipitate* 

Tcjts on 
tapexnatanU 

Wi. 

0.123 

M£. 

Total 

far- 

0.346 

ft?r. 

0.223 

1.8 

Excess A, no NP 

0.205 


0.542 


1.6 

44 44 44 44 

0.360 

<1 

0.842 


1.3 

if U 44 it 

0.600t 

44 

1.214 

0.614 

1.0 

44 ft it 44 

0.9005 

44 

1.495 

0.595 

0.66 

Trace A, “ “ 

1.3411 


1.72 

0.62 

0.56 

Excess KP 

3.60“ 

2.33? 

2.94 


0.26 

it 44 

Amount Type II pro- 
tein N added 

0.190 

Total 

0,528 

0.333 

1.8 

Excess A, no NP 

0.760 

44 

1.34 


0.76 

No A or NP 


NP = nudeoprotein. 

* On the assumption that all of the N added is active as predpitinogen. 

X 3.0 ml. serum and equivalent quantity of antigen actually used. 

§ 2 0 ml. serum and equivalent quantity of antigen actually used. 

11 1.5 ml. serum and equivalent quantity of antigen actually used, 

? After deduction of the quantity of antigen N found in supernatant by analysis of aliquot 
portions with 5.0 ml. each of fresh serum. 

** 1 0 mL serum and equivalent amount of antigen actually used. 

Antibody Determinations.— These were carried out quantitatively (6, 11) by addition of 
accurately measured amounts of nudeoprotein in duplicate to known v olumes of the antiserum 
at 0°C. After the contents were mixed, the tubes containing the analyses were allowed to 
stand in the cold for 48 to 96 hours, with occasional mixing, and were centrifuged in the cold* 
and washed twice with cold saline. liitrogen was estimated by a modificatioD of the micro- 
Kjeld^ method. When antibody w as present in excess, the amount of nudeoprotein nitro- 
gen added was deducted from the total N predpitated and the difference was arbitrarily con- 
adered antibody N. In the region of excess antigen separate analyses were made of the 
in the supernatants by addition of these or aliquot portions to fresh por- 

> In a refrigerated centrifuge manufactured by the International Equipment Co Boston 

Massachusett?:, ’ 
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tions of antiserum. From the quantity of total nitrogen precipitated, the amount of excess 
antigen could be read from the curve (Fig. I) in the region of excess antibody and deducted 
from the total added. The two values in column 2 of Table I were obtained in this \ray. 
In the table are given selected data illustrating the course of the reaction with Type I and 
Type n nucleoprotein, and these and other data are plotted in the curve in the text-figure. 

In addition to antiprotein, horse serum 16 contained appredable antibody to pneumococcus 
C-substance. This was removed by addition of a slight excess of C-substance deiived from 
Type n pneumococci before any of the analyses were made. The serum also contained 0.8 
mg. of antibody nitrogen per ml. to Type I specific polysaccharide, considerably more than the 
antiprotein content Prior removal of the type-spedfic anticarbohydrate led to fluctuations 
in the quantity of antiprotein predpltated which could not be studied owing to lack of anti- 
serum, but the reaction still retained the characteristics of the predpitin type. 

DISCUSSION 

In the production of most antipneumococcus horse sera, intact Gram-positive 
type-specific pneumococci are injected intravenously, and relatively little anti- 
protein is produced. However, an exudate was used (10) in the preparation of 
the serum employed in this study. This presumably contained many auto- 
lyzed pneumococci and therefore free nucleoprotein, as well as intact cells, and 
the appreciable content of antiprotein in the serum is possibly due to this 
circumstance. 

It is apparent from the data in the table and figure that the reaction beUveen 
pneumococcus nucleoprotein and the antiprotein in this serum was of the pre- 
cipitin type. It is also to be noted that the antigen had been injected intra- 
venously. The relation of the route of injection to the antito.xin or precipitin 
type of antibody response in horses will be discussed more fully in the two 
following papers. However, antito.xic horse sera are usually produced by sub- 
cutaneous or intramuscular injections of toxin, and it was similarly found 
unsatisfactory to employ tlie intravenous route (3) in the preparation of the 
anti-egg albumin horse serum in which the flocculation reaction was of the toxin- 
antitoxin type. It was also determined in a portion dialyzed by Dr. H. P. 
Treffers against 0.02 ir phosphate buffer at pH 6.8 that the antiprotein in anti- 
pneumococcus horse serum 16 was mainly in the water-insoluble fraction. 
This contrasts with the water-soluble character of the antito.xin type of anti- 
body but resembles the anticarbohydrates in horse sera. These also give the 
precipitin type of reaction. 

Little significance is attached to the actual magnitude of the antibody N: 
antigen N ratios given in Table I, since these were derived by assuming that all 
of tlie nucleoprotein nitrogen added was antigenic. This is by no means cer- 
tain, nor is it likely, from what is known of other bacterial proteins, that the 
material used was a single substance. A rough attempt at fractionation carried 
out in this laboratory by Miss Graciela Leyton-Ramirez of Santiago, Chile, 
showed that the fraction of Type I protein precipitated at one-fifth saturation 
with sodium sulfate was a slightly more active precipitant of the serum than the 
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portion separable on acidification of the sodium sulfate supernatant, but the 
difference was small. /Vlso, preparations of Type I and Type 11 nucleoprotcin 
behaved remarkably alike toward the antiserum. 

sir \r\f. \RY 

The antiprotein in an antipneumococcus horse serum resulting from intra- 
venous injections of infected pleural exudate showed a precipitin type of reac- 
tion with pneumococcus nucleoprotein rather than the antitoxin type of 
response. 
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(From tJie. Department of Medicine, College of Phyckians and Surgeons, Columbia 
Uiikcrsiiy, and the Presbyterian Hospital; and the Bureau of Laboratories 
of the Department of Health, Heia York) 

(Received for publication, April 16, 1947) 

As far as is known, the injection of any antigen into the rabbit by any route 
may give rise to antibodies which are of the so called precipitin type. Addition 
of a amount of antigen to the antiserum results in a precipitate which 
increases in amount as more antigen is added until the m a xim um is reached with 
a slight excess of antigen (2). No “prezone” or inhibition of precipitation in 
the region of antibody excess is observed. While antibodies to specific carbo- 
hydrates may be elicited in the horse or rabbit by intravenous injections of 
type-specific pneumococci, it is common e-xperience that tetanus or diphtheria 
antitoxins are produced in the horse in sufficient amounts only in response to 
subcutaneous injection. These antitoxins flocculate with the antigen, but the 
precipitation differs from the precipitin type in that it is confined to a relatively 
narrow zone, inhibition being observed with excess of either antibody or antigen 
(cf. 3, 4). Antibodies with similar properties have been produced in the horse 
by the subcutaneous injection of a number of protein antigens: egg albumin 
(5, 6), hemocyanin (7), and hsiguasin, a crystalline globulin of watermelon seed 
(8). The few recorded e.xperimeats on the intravenous injection of protein 
antigens into the horse have not been very successful (see (5) for literature). 

It was, however, shown in the preceding paper (9) that pneumococcus anti- 
nucleoprotein in the horse, elaborated after intravenous injections, reacted 
according to the precipitin type. One or more of at least four factors might be 
responsible for the qualitative type of antibody produced: the anima l species 
injected, the route of injection, the duration of the immunization, and the na- 
ture of the antigen (whether carbohydrate or one or another type of protein). 
The work about to be described traces the influence of these factors. 

Rabbit serum proteins were selected for study as antigens in the horse partly 
on account of their ready preparation m the relatively large amounts required 
and partly because information had already been obtained regarding the reverse 

• The work reported in this communication was carried out in part under the Harkness 
Research Fund of the Presbyterian Hospital, New York. 

t A preliminary abstract of a portion of this paper appeared in reference 1. 
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system, horse serum proteins in the rabbit (10) . Rabbit serum was fractionated 
into albumin and globulin portions, and although neitlier was homogeneous, it 
was felt that any resulting multiple antibody response would not be an undue 
complication since more highly purified test antigens were to be used for the 
analytical studies of the sera. In some instances, at the termination of a course 
of injections, it became desirable to change antigens in order to follow the re- 
sponse of an individual animal to the administration of different antigens by 
the same route. The present report deals with the results obtained with rabbit 
serum albumin as antigen, while the following paper records the findings with 
rabbit serum globulin. 


EXPERIMENTAL 

Methods and Materials 

Suspeitsiomfor Injection. — Pooled normal rabbit sera were diluted with 2 volumes of water 
and 1.22 volumes of saturated ammonium sulfate solution were added drop by drop, with stir- 
ring to 55 per cent saturation. The precipitate was allowed to stand overnight, was washed 
once with 55 per cent saturated ammonium sulfate solution, and was repredpitated in the same 
way, taken up in water, and dialyzed in the cold until sulfate-free. This solution contained 
the globulin antigen used. 

The supernatants from the two predpitations were mixed and the rabbit albumin was 
thrown down by addition of acetic add to maximum turbidity. The predpitatc w.as centrif- 
uged, redissolved in water, and dialyzed against saline in the cold. This solution contained 
the albumm antigen used. 

For injection tire albumin or globulin stock solutions, at a concentration of 3.3 mg. of pro- 
tein per ml., were precipitated by addition of 1 ml. of 1 per cent alum solution per 100 mg. of 
protein (11), followed by dilute sodium hydroxide to maximum turbidity. One per cent by 
volume of 1 per cent merthiolate' was added as a preservative. For the immunization of 
horses 1126 and 1127 equal volumes of the albumin and globulin solutions were mured before 
precipitation with alum (mixed antigens). 

Injection Procedure. — ^The four horses used for these experiments were selected from the 
regular stock of the Research and Antitoxin Laboratory of the New York City Department of 
Health, Otisville, New York, All injections and observations on the animals were carried out 
by members of that Division. The intravenous injections appeared to be better tolerated 
than the subcutaneous ones, although for all but one animal the dose of protein had to be 
reduced for a short period during which the horses experienced some rise in temperature. 
Injection schedules with albumin or albumin-globulin mixtures are given in Table 1. 

Test Antigen. — Rabbit serum albumin was prepared by electrophoretic separation,’ in a 
large Tiselius cell, of 90 ml. of rabbit serum wWch had been dialyzed in the cold for 3 days 
against buffer at pH 7.7. The electrophoretic homogeneity of the albumin was checked by a 
separate analytical run. 

Electrophoretic Patterns. — ^Electrophoretic patterns were determined on the sera both be- 
fore and after immunization. The patterns of the postimmunization sera which contained 
antibody resembled those of typical antitoxic horse sera (12, 13). 


’ Manufactured by EH Lilly and Co., Indianapolis, Indiana. 

’ In the Electrophoretic Laboratory of the College of Physidiins and Surgeons, Columbia 
University, under the direction of Dr. Dan H. Moore. 
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Examinalion of the Sera for Anti- Albumin 

Eorst PPP.— Predpitin tests, with 0.0002 to 0.04 mg. N of the rabbit albumin test antigen 
per ml. of serum, on bleedings taken Irom horse 999 ten days after the last intravenous in- 
jection and after a rest period of over 3 months gave no positive result. After the period of 
rest from the intravenous injections (Table I) horse 999 was given three preliminary intra- 
cutaneous injections (< 5 mg. of protein in all) and then eight subcutaneous doses of rabbit 
serum albumin totalling 1.15 gm. A test bleeding 9 days after tic last injection showed a 
rone of flocculation with albumin. InjecU'ons were continued over a period of 5 months and 
a bleeding was taken 10 da>’S after the last dose. 


TABLE I 

Injection Schedule of Horses Receioing Alum-Precipitaied Rabbit Scrum Albumin or Albumin- 

Globulin Suspensions 


Horse 

Ko. 

Aniisea 

Route of 
iujectloa 

Frem 

To 

Ko. of 
injec- 
tioos 

amount 

per 

injeciioa 


Albumin 

l( 

Intravenous 

Subcutaneous 

May 9, 1940 
Dea 4, 1940* 

July 2, 1940 
June 24, 1941 

13 

41 

nr. 

200 

200t 

1016 

Albumin 

Intravenous 

Oct. 28, 1941 

May 13, 1942 

43 

200§ 

1126 

Albumin -f 
globulin 

Intravenous 

Oct. 28, 1941 

June 12, 1942 

48 

lOOtJ 

1127 

Albumin -1- 
globulin 

Subcutaneous 

Oct. 28, 1941 

June 12, 1942 

48 

loots 


* The first three injections (0.1 to 3.6 mg.) were given intracutaneously. 

t Dosage reduced for four injections because of febrile reaction. 

§ Dosage increased continuously by 10 mg. per injection from 5 mg. to 385 mg. 

0 Albumin portion only; an equal amount of globulin was also present. 

Quantitative estimations of total N and antibody N predpitated (Table If) were carried 
out as in previous studies (14). In a typical instance 5.0 ml. amounts of the serum were mea- 
sured out at 0°C., and appropriate amounts of electrophoretically separated rabbit serum 
albumin were added in accordance with preliminary tests on smaller volumes. The volume 
was adjusted to 9.5 ml. with saline and the contents of the tubes were carefully mired and 
allowed to stand either 3 or 7 days in the ice box, with muring at intervals. The tubes were 
centrifuged in the cold,* the predpitates were washed three times with 4 ml. portions of saline 
at 0°, and were then analyzed for nitrogen by a modification of the micro-Kjeldahl technique. 
In one instance the supernatants from the tubes which had stood 7 days were allowed to re- 
main in the ice box for another week, centrifuged, and the predpitates washed. The nitrogen 
foimd was added to tiie corresponding values for the 7 day experiment. Antibody N was 
Ktima ted by subtracting the added antigen N from the total nitrogen found, under the assump- 
tion that all added antigen N was predpitated (jf. 2). 

» In a refrigerated centrifuge suppUed by the International Equipment Co.. Boston. Massa- 
chusetts. 
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In the series which was allowed to stand for 3 days, the largest amounts of total N pre- 
cipitated from 5 ml. of Uic July (later) and January (earlier) bleedings were 1.06 and 0.-130 
mg., respectively; ratio, 2.47. In the experiment with the January bleeding, by multiplica- 
tion of each value of the antigen N added and the total N precipitated by 2.47 the behavior 
of this serum may be compared directly with that of the later, stronger bleeding (Fig. 1). 

TABLE II 


Precipitation of Ilorsc Antibody to Rabbit Serum Albumin by EJectrophorclically Separated 
Rabbit Scrum Albumin, per 5.0 Ml. Serum, Ilorsc 999, O'C. 


Anticen N addtd 

Total N* precipitated after 

Antibody N 
prccipiutcdl 

J dayi j 

7 day* 

2 n-ica. 

ms. 

mi. j 

mr. 

mi. 

ms. 


Bleeding Jan. 23, 1941 



0 





0.116 




0.060 

0.303 




0.080 

0.394 

1 



0.100 

0.430 

1 



0.120 

0.422 

1 




0.156 





0 





Bleeding July 2, 194 

1 


0.096 

0.256 

0.524 

0.586 

0.490§ 

0.144 

0.954 

0.93S 

0.940 

0.796 

0.16911 

0.990 

0.913 

0.923 

0.754 

0.192 

1.02 

0.984 

0.984 

0.792 

0.240 

0.986 

1.05 

1.06 

0.82 

0.288 

0.994 

1.05 

t 1.06 

0.77 

0.336 

0.486 

0.552 

0.586 


0.384 

0.018 





*The 3- and 7-day columns represent independent series run in duplicate; column 4 
contains data obtained by adding to the values in the preceding column one-half of the small 
amount of nitrogen which separated from the combined supernatants of each pair of tubes 
in the 7-day series after an additional week. 

t All added antigen N assumed to be in the precipitate. 

§ Values in column 4 minus corresponding values in column 1. 

II 4.25 ml. serum and 0.144 mg. albumin N actually used. 


In order to study the effect of volume on the precipi lability of tlie antibody a concentrate 
was prepared from the July bleeding. The fraction precipitated from 500 ml. of serum by 
one-third saturation with ammonium sulfate was removed, washed, and discarded since it 
contained little antibody. The supernatants and washings were brought to J saturation with 
ammonium sulfate. The resulting precipitate was taken up in water and dialyzed against 
water in the cold until free from sulfate. After removal of the water-insoluble portion, the 
supernatant was concentrated by dialysis under negative pressure to a final volume of 115 ml. 

Portions of this globulin concentrate, 999 B, were set up at 0° against electrophoretically 
separated rabbit serum albumin test antigen. In one series the total volume was kept at 
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3 ml. in the other at 10 ml. After 6 days in the ice box both series were centrifuged, given 
three’washings with 3 ml. of cold saline, and analyzed as before. The data are given in Table 

m.- 



Fig. 1. Precipitation of horse antibody -to rabbit serum albumin by electrophoretically 
separated rabbit serum albumin. Triangles = Jan. 23, 1941, bleeding; crosses = e.xperimental 
values X 2.47 for comparison with later Quly 2, 1941) bleeding. Open circles = July 2, 1941, 
bleeding, 3 day experiment; shaded circles =» same, 14 day experiment. 

TABLE rn 

Effect of Volume on the Precipitation of Eorse Anti-Rabbit Serum Albumin 
Per 1.0 ml. globulin solution, 999B, bleeding of July 2, 1941, 0“, 6 days. Test antigen: 
electrophoretically separated rabbit serum albumin 


Antigen N 
added 

Total N precipi- 
tated at volume 
of 3 znl. 

Total N preciDi- 
taied at volume 
of 10 mi. 

Aatisen N 
added 

Total N prccioi- 
tated at volume 
cl 3 ml. 

Total N precipi- 
tated at volume 
of 10 ml. 

r*r. 

j 

1 ns. 

CTJ. 

ms. 

ms. 

0.048 

0.020 

0.012 

0.160 

0.694* 

0.688 

0.060 

mSSm 

0.134 

0.171 

0.698 

0.648 

0.072 


0.410 

0.192 

0.636 


0.096 

0.612 

0.S66 

0.216 



0.128 

0.662 

0.652 

0.233 

0:158 


0.144 

0.678 


0.274 

0.054 



‘Ratio antibody N: antigen N at maximum precipitation: 3.3. 


Sera from Horses 1126 and 1127.— T-wo other horses were injected (Table 1) in order to test 
the generality of the findings. Horse 1126 received intravenously a mixture of the rabbit 
albumin and globulin, while No. 1127 received the same antigens subcutaneously. Only 
the results obtained on testing with rabbit albumin will be noted here, those dealing with globu- 
lin test antigens being reserved for the paper following. After twenty-two injections a 
test bleeding on horse 1126 taken Bee. 16, 1941, showed a zone of weak precipitation with 
electrophoretically separated rabbit albumin extending over at least an eightfold range of 
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antigen concentration. A single absorption of this serum was carried out with an egg albumin 
anti-egg albumin (rabbit) specific precipitate which, containing rabbit 7 -globulin in an insolu- 
ble form, served as a test antigen for antibody to globulin. The added specific precipitate was 
visibly agglutinated and the reaction witli the rabbit scrum albumin was noticeably diminished 
in the supernatant. It is therefore likely that precipitation in this bleeding w.as due to a small 
amount of globulin present in tlic albumin test antigen. The scrum from horse 1 127 did not 
give any reaction at tliis time. Test bleedings taken Feb. 4, 1942, indicated, however, that 
the subcutaneously injected horse 1127 was producing anti-albumin of the antitoxin type, like 
horse 999. This is illustrated by quantitative data given below. 

Effect oj Temperaittre on the Precipitation of Anti-Albumin . — An antibody concentrate was 
made from 300 ml. of a bleeding of horse 1127 taken at the conclusion of the immunization 
schedule. The portion precipitated by i saturation with ammonium sulfate was separated 
by dialysis against distilled water into a water-insoluble fraction (1127G) and a water-soluble 

TABLE IV 


Effect of Temperature on the Reaction of Horse Anti-Rabbit Serum Albumin. Precipitation of 
2.0 Ml. of Globulin Solution 1127 J by Electro phoretically Separated Rabbit 

Serum Albumin 


Antigen N added 

1 Total N precipitated 

0*C., 7 dayi 

j;‘C., J hrs. 

me. 

mi. 

mf. 

0.04S 

0* 

0.002 

0.073 

0.312 1 

0.166 

0.098 


0,490 

0.110 


0,542 

0.146 1 

0.616 1 

0.632 

0.171 

0.574 1 

0.602 

0.219 


0.126 


* One determination only. 


portion (1127H). The protein which precipitated between J and J saturation was similarly 
divided into a water-insoluble part (11271) and a water-soluble fraction (1127J). Tests indi- 
cated that most of the anti-albumin was in fraction J. 

2.0 ml. portions of 1127J were analyzed witJi various amounts of imtigen in a total volume 
of 4 ml. One series of analyses was set up at 0° and allowed to stand in the ice box for 1 week, 
with mixing at intervals, followed by centrifugation and washing in the cold. A second series 
was run at 37° and left in the water bath for 3 hours before centrifugation and washing at 37°. 
The data for both series are given in Table IV. 

Reversibility of Rabbit Scrum Albumin Anti-Albumin Combination . — The reversibility of the 
antigen-antibody compounds formed on either side of the precipitating region (cf. Table JV) 
was tested by addition, at both 0° and 37°, to duplicate portions of 1127J, of amounts of 
antigen which would not give visible precipitation. In one case insufficient antigen for pre- 
dpitation was added, in the other an e.xcess of antigen calculated to inhibit predpitation com- 
pletely. After 3 to 4S hours, depending upon the temperature, additional antigen or serum 
was added in amoimt calculated to bring the system to the point of maximum predpitation 
(corresponding to the addition of 0.146 mg. of antigen N for each 2.0 ml. of solution J). The 
tubes were then allowed to stand the same length of time as the controls treated initially with 
the optimum amount of antigen. The data, summarized in Table V, indicate tlie reversibility 
of the system. 
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Dtlertninalion of the Chemical Nature of the Anii-Albumm uAth an Anti-Ar.tibody Seram.— 
In a previous communication (10) a study was repotted of quana-tativc aspects of the 
tion that antibodies to crystalline egg albumin and diphtheria antitorin in the horse could be 
distinguished serologically from typical antibacterial antibodies such as pneumococcus anU- 
carhohydrate. When these antibodies, in the form of specific predpitates, were used as anti- 
gens much as bacterial suspensions in the quantitative agglutination procedure (15) it was 
iound that the first pair removed only 50 to 60 per cent of the antibody in a rabbit antiserum 
to Type n pneumococcus anticarbohydrate from the horse. 

TABLE V 


Rezersibility of Albumin yinti-Albumin Inierattien 


Temper- 

ature 

Volume of 
antibody 
solution 
1127} used 

Rnbbil 

serum 

albumin 

K added 

Time 

alloved 

Appearance 

Second reagent 

Further 

time 

aliowed 

Antibody 

N precipi- 
uced 

■c. 

0 

ml. 

2.0 

ms. 

0.024 

in. 

4S 

Clear 

0.122 mg. an- 

in. 

163 




0.146 

48 

Clear 

dgenN 

1.0 ml. and- 

168 

0.610 

0 ^ 

1 

! 2.0 1 

i 

0.146 1 


1 Predpitate 1 

body solu- 
don 

1 

168 

0.616t 

37 


0.024 

0.5 

Clear 

0.122 rog. an- 

3 

0.616 

37 

1.0 

0.146 

0.5 

Clear 

dgen N 

1.0 ml. anti- 

3 

0.634 

37 

1 2-° 

0.146 


Predpitate 

body solu- 
don 

3 

0.632t 


*One determination lost, 
t Control determination from Table IV. 


Since tbeantibody to rabbit serum albumin resembled diphtheria antitoxin and anticiystal- 
line egg albumin in its water-solubility and its flocculation with the homologous antigen it 
appeared desirable to compare the airtigenic properties of the three antibodies. A rabbit 
antiserum to specific predpitate from the capsular polysaccharide of Type II pneumococcus 
and Type H antipneumococcus horse serum (10) could not be directly absorbed with the 
albumin anti-albumin floccules, however, since the unfracdonated serum contained rabbit 
albumin which might interfere with the reaction by a solvent effect on the floccules. An anti- 
body globulin solution was therefore prepared from this rabbit serum by twice repeated predpi- 
tation with an equal volume of ammonium sulfate, with thorough washing of the predpitate to 
free it from as much albumin as possible. After dialyss to remove ammonium sulfate, the 
antibody globulin solution was analyzed with a floccule suspension prepared from serum 999 
(Jan. 23, 1941) by predpitadon with rabbit albumin, and for comparison, with a Type I 
pneumococcus specific predpitate from horse serum, with results ^ven in Table VI. 

The and-albumin floccules removed 0.19 mg. of antibody N, or 45 per cent of the total 
present. As a check,-the supernatant was further absorbed with pneumococcus specific 
predpitates. In view of the number of absorpdons, the total, 0.37 mg. N, is in satisfactory 
agreement with the direct determinadon of homologous andbody N, 0.42 mg. 

Intrazenous Injection of Albumin.~lt will be noted from Table I that three horses, 999, 
1046, and 1 126 received rabbit serum albumin intravenously during at least part of the immu- 
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nization period. Scrum taken from horse 999 after a short course (thirteen injections) gave 
no precipitate over a range of dilutions of the test antigen. Serum from horse 1016 (bleeding 
May 14, 1942) after an extensive scries of intravenous injections, and from horse 1126 which 
had received smaller intravenous amounts of albumin, together witii globulin, showed some 
flocculation with rabbit albumin, but compared with the scrum of horse 1127 which had re- 
ceived a parallel subcutaneous course (Table I) the zones were much broader and the precipi- 
tates, even at the ma.ximum, were much smaller. Globulin concentrates of these final bleed- 
ings of horses 10 16 and 1 126 were also prepared, but the portions precipitated at J saturation 
(1046A and 1126C) and J to J saturation with ammonium sulfate (10-16B and 1126D) were 
not further fractionated as had been done for serum 1127. For antibody tesLson the fractions, 
portions of tlie flocculating concentrate 1127J were set up with several amounts of albumin 
corresponding to a point near tlie ma.vimum of precipitation (Fig. 1), a point on the descending 
part of the curve,- and a point just beyond it. When the precipitation was carried out in tlie 

TABLE VI 


Removal of Antibody from an Anti-Antibody (Pn II Horse Specific Precipitate) Rabbit Globulin 
Solution by Specific Precipitates front Horse Sera 


Suspension used 

Antiijociy N precipiuted 

First 

nbscrpiion 

Second * 

1 

Third • 

Totil 


Wl. 


rti. 


H 999 floccules 

0.184 

• 0.004 

0 


Pn 1 specific precipitate (on super- 

0. 132 

0.036 

0.012 


natant of last absorption above) 





1 





Pn I specific predpitate 

0.342 

0.077 

0.0051 

■IB 


Pn used for pneumococcus. 

* Single determinations on combined supernatants, 
t Pn II specific precipitate suspension used for tJiis absorption. 


presence of concentrates KMdA and B, and 1 126C and D, only 10I6A failed to show some devia- 
tion of the zone of flocculation as compared with that of the control containing 1127J alone. 
All of tlie concentrates had been absorbed twice with rabbit anti-egg albumin specific predpi- 
tates to free them of at least part of their anti- 7 -globulm antibody. The presence of some anti- 
body in the sera of horses 1046 and 1126 was therefore indicated. However, quantitative 
precipitin tests of 2 ml. portions of solutions 1046B and 1126D with si.'t different amounts of 
albumin antigen yielded precipitates whose total N ranged from 0.012 to 0.112 rag. Since this 
was only 0.6 to 0.2 of the N added in the form of antigen, it is evident that the reaction was not 
due to the rabbit serum albumin itself, but most likely to some impurity, possibly traces of ex- 
or /3-globulin, all or most of the antibody to 7 -globulia having been previously absorbed. 

DISCUSSION 

The data show that horses 999 and 1127, which had been, injected subcuta- 
neously witli rabbit serum albumin, yielded antibody of tlie flocculating type, 
with inhibition zones in the regions of antibody and antigen e.xcess. In this 
respect the anti-rabbit serum albumin resembled other antiproteins elaborated 
by the horse, except the antinucleoprotein described in the preceding paper (9). 
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The electrophoretic patterns of the sera of horses 999 and 1127 clearly showed 
the appearance, after the subcutaneous injections, of a new component migrat- 
ing between the jS-and the y-globuhns. Similar changes have characterized 
antitoxic sera in horses (12, 13), as well some antipneumococcus sera (16). 

The first course of injections for horse 999 was given intravenously and no 
precipitation was observed in serum taken after the course. The succeeding 
subcutaneous course of injections evoked a prompt response, and it is readily 
seen (Table If) that the newly formed antibody was of the flocculating type. 
As is evident from the data on the later bleeding reported in Table H and Fig. 1, 
the amount of nitrogen precipitated in the cold increased appreciably when the 
tubes were allowed to stand for longer periods than customarily used, especially 
when the proportions of antigen and antibody deviated notably from those 
giving mammum precipitation. It is quite possible that the shape of the curve 
for the earlier bleeding might have been somewhat altered if the precipitations 
had been allowed to stand longer. 

If the assumption is made that all of the antigen N added is precipitated in 
the equiralence region, antibody N values may be calculated by subtraction 
from the total N. In the first bleedings (Table 11) the antibody N remained 
constant (0.30 to 0.33 mg.) when the amount of antigen N added was varied by 
50 per cent. Similarly, for the later bleeding, the antibody N varied between 
0.82 and 0.77 mg. when the amount of antigen was increased from 0.144 to 
0.288 mg. N. 

This behavior appears to be characteristic of the flocculation reaction, having 
been observed as well in the diphtheria antito.xin (4), scarlatinal antito.xin (17), 
and anti-egg albumin systems in horse sera (5, 6). In all of these there is a 
region in which the total N precipitated increases linearly with added antigen. 
The amount of antibody precipitated is the same throughout this region, how- 
ever, since the increase in total N is due to the precipitation of antigen, all of 
which is precipitated if homogeneous. In this region the reaction resembles the 
usual precipitin reaction (».e., a system without an inhibitory prezone) in that 
the ratio of antibody N to antigen N precipitated decreases as more antigen is 
added. There is, however, the distinction that in the precipitin type of reaction 
the antibody N precipitated usually increases sh’ghtly as well. 

Pappenheimer and coworkers (4, 17) have used the constancy of the amount 
of antibody precipitated in the floccules to determine the amount of nitrogen 
corresponding to a flocculating unit of to.xin or to determine, by difference, the 
per cent precipitability of a flocculating antigen. Similar calculations may be 
made from the present data. It will be noted from Table HI (3 ml. series) that 
0.096 mg. of albumin N precipitated 0.612 mg. of total N, while 0.171 mg. of 
antigen N removed 0.698 mg. N. The increase in total N precipitated, 0.086 
mg., is the same, withm experimental error, as the increase in the amount of 
added antigen N, 0.075 mg. The corresponding difference in the total N pre- 
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dpitated in the 10 ml. series is 0.082, again evidence that all of the albumin N 
added was effectively antigenic. Similarly, in Table 11 an increase of 0.144 
mg. antigen N resulted in an increase of 0.12 mg. total N precipitated. 

The data of Table IV, obtained wj^h antibody concentrate 1127J, are some- 
what at variance with this, since 0.146 minus 0.098 = 0.048 mg. antigen N 
resulted in an increaseof0.il and 0.14 mg. of total N at O'^and 37°, respectively. 
This disproportionate increase in the amount of N precipitated is as yet un- 
e.xplained. 

An early bleedmg of horse 999 (January 1, 1941) (Table 11) and a later one 
(July 2, 1941), were compared quantitatively by multiplying tlie antigen N 
added and the total N precipitated in the earlier bleeding by 2.47, the ratio 
found for the total N precipitated (as well as the relative antibody contents) 
in the two bleedings. It is evident that the points calculated for the earlier 
bleeding (crosses. Fig. 1) lie quite close to the ex'perimental curve for the later 
bleeding, at least in the linear region, and that the two maxima occur witii the 
same amount of antigen. Although the heights of the two curves can be made 
to coincide arbitrarily it does not necessarily follow that the ma.xima will occur 
with the same amounts of antigen unless the combining ratios are the same. 
These may be estimated directly by calculation of the antibody N to antigen 
N ratios, at for e.\'ample, the midpoints of the flocculation aones (Table II). A 
value of 3.3 is obtained for the earlier bleeding compared with 4.1 to 3.4 for the 
later bleeding, depending upon the mid-point chosen. It is evident, therefore, 
that the combining properties of the antibody did not change greatly on con- 
tinued immunization of the animal, as in some other systems (6, 11) even 
though the absolute quantity of antibody increased 2.5-fold. 

Within the time limit selected, 6 days, precipitation at the maximum was not 
influenced (0.694 to 0.688 mg. total N) by variation of the reaction-volume from 
3 to 10 ml. (Table III). This did not apply to points on either side of the 
maximum, as these usually showed less precipitation at the greater dilution. 

In the experiments at 0° and 37°, carried out witli antibody concentrate 
1127J, the points of maximum precipitation coincided in both series, but more 
N was precipitated in the region of antibody excess at 0° than at 37° (Table IV). 
The reverse was true in the region of antigen excess. Whether these effects are 
due to varying rates of attainment of equilibrium at the two temperatures, or to 
real changes in the combining proportions, it is evident that tire amount pre- 
cipitated at the maximum is the same at either temperature, and that in this 
respect the system resembles diphtheria toxin-antitoxin (IS) and the egg albu- 
min anti-egg albumin reaction (5, 6) in the horse, as well as protein-antiprotein 
(11) systems in the rabbit. It will be recalled that carbohydrate-anticarbohy- 
drate reactions in horse sera may show quite pronounced temperature effects. 
(19) and, as will be discussed in the following paper (20), this is true for some 
antiprotein reactions in this species as well. 

The data given in Table V show that the soluble antigen-antibody complexes 
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fonned in the two zones of inhibition (for diphtheria toxin-antitoxin, cf. (21)) 
react reversibly with more of the component not in excess, since addition of this 
component in proper amount suffices to bring the S 3 i^tem to the point of maxi' 
mum precipitation. 

Although quantitative estimations were not made on all globulin fractions 
of the serum of horse 1127, it was evident from qualitative flocculation tests 
that most, if not all, of the antibody to the rabbit serum albumin was present 
in the water-soluble portions, particularly of the fraction precipitating between 
^d ^ saturation with ammonium sulfate. This fraction of the serum of 
horses immunized with diphtheria to.xin or toxoid also contams most of the 
antitoxin. Antibacterial horse sera, on the other hand, contain a much larger 
proportion of water-insoluble antibodies, and antibody to the type-specific 
carbohydrate of pneumococcus may be almost quantitatively recovered by 
dilution with slightly acid water (22). 

Since the chemical properties of the antibody to rabbit serum albumin, as 
well as its behavior toward its homologous antigen (Tables 11 to IV) suggested 
that it closely resembled diphtheria antitoxin in the horse, it was of interest to 
see whether the correlation held for its serological activity toward an and- 
antibody senim. The latter, produced by injecting rabbits with a specific 
precipitate derived from Type IE antipneumococcus horse serum, had previously 
been shown to differentiate antitoxic from antibacterial antibodies produced in 
the horse (10). As is demonstrated in Table VI, the antibody to rabbit serum 
albumin, in the form of floccules with its antigen, removed only about one-half 
of the antibody present, as did diphtheria to.xm-antito.xin floccules. This 
serological criterion, therefore, also emphasizes the similarity between the sub- 
cutaneously elicited anti-rabbit serum albumin and the similarly induced 
diththeria antitoxin and anti-egg albumin in the horse. In agreement with the 
practical experience of others in the production of antito.xin, intravenous injec- 
tion of horses with the same antigen did not result in detectable production of 
antibody with these characteristics. It is, however, possible that antibody is 
produced after intravenous injection in a form not detected by these tests, and 
it is hoped to undertake further examination of the sera with this in mind. 

While, with the e-xception of hemolysin (23), antibody produced in the rabbit 
appears to be of only one qualitative type, it is clear that even in this species 
the r^ponse to a given antigen may be markedly influenced by the route of 
injection. The intracutaneous or subcutaneous injection of pneumococci (24) 
and of streptococci (25) results mainly in the production of species-specific 
antinucleoprotein. Type-specific antibodies may be produced abundantly, 
however, on intravenous injection of these microorganisms. 

Thus far, in the horse, the production of the zonal flocculating type of anti- 
body appears to have occurred only after subcutaneous injection. This, how- 
ever, is not the only type of anti-protein response by the subcutaneous route, 
as will be set forth in detail in the foUowmg paper (20). 
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SUMilARY 

1. Two horses were injected subcutaneously with alum-precipitated rabbit 
serum albumin. 

2. The resulting antibody resembled diphtheria antito.xin and anti-egg albu- 
min in the horse in giving a sharp zone of flocculation with antigen, in being 
water-soluble, in reactivity toward an anti-antibody rabbit serum, and in its 
electrophoretic properties. 

3. The effect of continued immunization, and of variation in volume and 
temperature on the reactivity of the antibody arc discussed. 

4. Intravenous injection of the same antigen into horses did not give rise to 
detectable amounts of antibody of the same type. 

BIBLIOGRAPHY 

1. Heidelbcrger, M., Treffers, H. P., and Freund, J., Fed. Free., 1942, 1, 178. 

2. For literature, see Heidelbcrger, M., Bad. Rev., 1939, 3, 49. 

3. Marrack, J. R., and Smith, F. C., Proc. Roy. Soc. Loudon, Series B, 1930, 106, 1. 

Healey, M., and Pinfield, S., Brit. J. Exp. Path., 1935, 16, 563. 

4. Pappenheimer, A. M., Jr., and Robinson, E. S., J. Immunol., 1937, 32, 291, 

5. Pappenheimer, A. M., Jr,, J. Exp. Med., 1940, 71, 263. 

6. Heidelbcrger, M., Treffers, H. P., and Mayer, M., J. Exp, Med., 1940, 71, 271. 

7. Hooker, S. B. and Boyd \V. C., Ann. Neiv York Acad. Sc., 1942, 43, 107. 

8. Liu, S. C., and Wu, H., Chi-icscJ. Physiol., 1940, 16, 237. 

9. Heidelbcrger, M., J. Exp. Med., 1947, 86, 77. 

10. Treffers, H. P., and Heidelbcrger, M., J. Exp. Med., 1941, 73. 125. Treffers, H. 

P., Moore, D. H, and Heidelbcrger, M., J. Exp. Med., 1942, 76, 135. 

11. Heidelbcrger, M., and Kendall, F. E., J. Exp. Med., 1935, 62, 697. 

12. Van der Scheer, J., Wyckoff, R. W. G., and Clarke, F. H., J. Immunol., 1940, 39, 

65. 

13. Kekwick, R. A., and Record, B. R., Brit. J. Exp. Path., 1941, 22, 29. 

14. Heidelbcrger, M., Kendall, F. E., and Soo Hoo, C. M., J. Exp. Med., 1933, 68, 

137. 

15. Heidelbcrger, M., and Rabat, E. A., J. Exp. Med., 1934, 60, 643; 1938, 67, 545. 

16. Tiselius, A., and Rabat, E. A., J. Exp. Med., 1939, 69, 119. Smetana, H., and 

Shemin, D., J. Exp. Med., 1941, 73, 223. 

17. Hottle, G. A., and Pappenheimer, A. M., Jr,, J. Exp. Med., 1941, 74, 545. 

18. For literature, see Follensby, E. M., and Hooker, S. B., J. Immunol., 1939, 37, 367. 

19. Heidelbcrger, M., and Kendall, F. E., /. Exp. Med., 1935, 61, 559. 

20. Treffers, H. P., Heidelbcrger, M., and Freund, J., J. Exp. Med., 1947, 86, 95. 

21. Pappenheimer, A, M., Jr., Lundgren, H. P., and Williams, J. W., J. Exp. Med., 

1940, 71, 247. 

22. Felton, L. D., J. Infect. Dis., 1928, 42, 248, and earlier papers. 

23. Paic, M., Btdl. Soc. chim. hid., 1939, 21, 412. 

24. Julianelle, L. A., J. Exp. Med., 1930, 61, 441. 

25. Seegal, D., Heidelbcrger, M., and Jost, E. L., J. Immunol., 1934, 27, 211. 



ANTIPROTEINS IN HORSE SERA 

IV. Antibodies to Rabbit Seruh Giobulin and Thek InterjICTIon 

■WITH Antigen*! 

By henry P. TREFFERS, Ph.D., MICHAEL HEIDELBERGER, Ph.D., 

AND JULES FREUND, M.D. 

(From ike Department of Medicine, College of Physkiaics and Surgeons, Columbia 
Unkersily, atid the Presbyterian Hospital; and the Bureau of Laboratories of the 
Department of Health, Ncu> York) 

(Received for publication, April 16, 1947) 

la the preceding paper (2) it was shown that the subcutaneous injection of 
horses with rabbit serum albumin was followed by the production of antibody. 
This antibody resembled the diphtheria antitoxin and anti-egg albumin formed 
in horses in its solubility in water, its limited zone of flocculation with antigen, 
and its serological beha'vior toward an anti-antibody serum. It was also shown 
that predpitable antibody was not produced following intravenous injections 
of the same rabbit serum albumin. 

Nevertheless, it had been found that intravenous injection of pneumococcal 
lung autolysates into horses eUcited the formation of antibody to the pneumo- 
coccal protein (3), and that this antibody combined with antigen in a typical 
predpitin reaction devoid of the prezone characteristic of the reactions of the 
antitoxins and anti-albumins. It is now shown that intravenous injection of 
horses with another kind of protein antigen — in this instance rabbit serum glob- 
ulin — results in the production of antibody gi'ving a typical precipitin reaction; 
In addition, intracutaneous or subcutaneous injection of horses with rabbit 
serum globulins gives rise to antibody of the so called “univalent” (4), soluble, 
low grade, non-flocculating tj^ie. 

expehuientai. 

Injection of Horses . — The preparation of the alum-predpitated rabbit serum globulin and 
the mixed albumin-globulin suspensions used as antigens was described in reference 2. The 
four horses used were from the regular stock of the New York City Department of Health 
Research and -Antitoiin Laboratory, Otisville, New York. The schedule of injections is 
given in Table I. 

EJeciroplusreiic Pa//ernr.— Electrophoretic runs* were made with- the sera of the horses 
injected -with rabbit globulin. In the case of horse 1046 the areas of the 7 -components were 

• The work reported in tins communicatioa was carried out in part under the Harkness 
Research Fund of the Presbyterian Hospital. New York. 

t A preliminary abstract of a porliou of this paper appeared in reference 1. 

' In the Electrophoretic Laboratory of the College of Physicians and Surgeons, under the 
direction of Dr. Dan H. Moore. 
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essentially the same before and after injection, 22.8 per cent and 24.8 per cent of tlie total, 
respectively. After intravenous injection with mi.xed albumin-globulin, the scrum of horse 
1126 gave a pattern in which the 7-pcak was prominent. Neither postimmunization pattern 
showed the pronounced peak between t]je /3- and y-globulins whidi characterized the electro- 
phoretic diagrams of the sera of horses 999 and 1 127 after subcut.ancous injection with albumin 
or albumin-globulin mixtures (2). 


T/VBLE I 


Injection Schedule of Horses Receiving Alum-Precipitated Rabbit Serum Globulin or Albumin- 

Globulin Suspensions 


Horse 

No. 

DeuiU o( injection 

Antisen 

1 

Route 

From j 



Average 

amount 





1 

i 

mx. 

1046 

Globulin 

Intravenous 

Dec. 31, 1939 

July 5, 1940 i 

64 i 

45* 



Intracutancous 

Dec. 4, 19-10 

Mar. 7, 1941 


25 



Subcutaneous 

Mar. 10, 1941 

1 July 2, 1941 


200J- 


Foi 

1 

r later immunizatic 

in sec Table I, rcfei 

rcncc (2). 



999 

1 

Globulin 

Subcutaneous 

Oct. 28, 1941 

June 9, 1942 

51 

240 

11261 

Globulin -1- 

Intravenous 

Oct. 28, 1941 

June 12, 1942 

48 

lOOH 


albuim'nl 






1127§ 

Globulin -}- 

Subcutaneous 

Oct. 28, 1941 

June 12, 1942 

48 

lOOll 


albumin 





1 

1 


* The first seventeen injections were of 100 mg. globulin each, the remainder 25 mg., 
with few exceptions. 

J The dosage was gradually increased from 25 to 200 mg. during the first nine injections 
and then held at that level. 

§ From Table I, reference 2. 

II Dosage reduced for four injections because of febrile reactions. Dosage of globulin 
only; an equal amount of albumin was also present. 

Examhiation of Sera for Antibody 

Intravenous Series . — ^Three and one-half months after the start of the injections, serum from 
horse 1046 (bleeding Mar. 18, 1940) showed precipitating antibody. A concentrate of the total 
globulin was prepared from 1950 ml. of this serum by precipitation with ammonium sulfate 
and dialysis in the cold against 0.9 per cent NaCI. The final volume was 500 ml. 

Antibody in this concentrate was determined by the quantitative precipitin method (5, 
2), with 7-globulin electrophoretically separated from normal rabbit serum as test antigen. 
The results are recorded in Table II. Antibodies to rabbit serum components other than 
7-globuIin were undoubtedly present, since the total globulins, containing some albumin as 
well, were used as immunizing antigen. Tests with a- and ^-globulins were made, but could 
not be interpreted since it was difficult to secure enough of these components to ensure at least 
their electrophoretic homogeneity. The rabbit 7-globulin, on the other hand, could be ob- 
tained in larger quantities. Its essential homogeneity in the Tiselius apparatus was demon- 
strated by a second mobility determination. Moreover, the results obtained could be 
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compared with those secured with antigens consisting of spedfic predpitatcs containing 
'V'globulin antibody. 

Qualit:itive precipitin tests with the final bleedings of horse 1126 (Table 1} indicated that 
these sera were similar in their behavior to the corresponding bleedings of horse 1046. 

Influence of Temperalure on the RcacticUy of An/iiody,— Two series of predpitin determina- 
tions were made on whole serum of horse 1016 at the conclusion of the intravenous siieduie. 
One was set up at 0°C. and the tubes were allowed to stand 3 days in the ice hoi, with sub- 
sequent washing in the cold.* The other series was set up at 37°C. and the tubes were incu- 
bated for 2§ hours and centrifuged and washed at the same temperature. The daU are given 
in Table lU and plotted in Fig. 1. 

Determination of Antibody by Absorption zcitlt Specific Precipitcies.—Since anti-egg albumin 
in the rabbit is known to be a •y-globulin (6) and spedfic predpitates containing such antibody. 


T.'^BLE U 

Precipitation of Horse Antibodies to Hobbit Globulin by Electropkoreiic Rabbit y Globulin 
Per 8.0 ml. concentrate of serum 1046, bleeding Mar. 18, 1940, 0°C., 48 hours 


Antiges N 
added 

Antigea N 
precipitated 

Total K 
precipitated 

Antibody K 
precipitated 
(by di^erence) 

Antibody N 

Antisen X 

Tests on 
sopernatanU 

mg. 

mg. 

mg. 

m^. 



0.019, 

Total* 

0.144 

0.125 

6.5 

Excess HAJ 

0.038, 

<1 

0.242 

0.204 

5.3 

tt fi 

0.057, 

tt 


0.242 

4.2 

tt tt 

0.077 

4< 


0.273 

3.5 

No HA or yO 

0.096 


0.382 

0.294 

3.3 

Excess yG 


hig. antibody N predpitated = 9.3 (yG N) — 20.6 (7G N)’^ 

Calculated to 1.0 mg. predpitable antibody N: 

Mg. antibody N predpitated = 9.3 (7G N) — 10.9 (7G 
* All N of the gamma globulin solution was assumed to be antigenically active, 
t HA •= horse antibody; 7G N •* rabbit electrophoretic gamma globulin N. 

I From analyses on supernatant. 

if properly washed, can be obtained free from other serum proteins (7), they provide a conven- 
ient source of 7-globulin, suitable for use as antigen (8, 9). The analytical procedure is gimTTor - 
to that of the quantitative agglutinia method (10) : an accurately measured amount of a sus- 
pension of the washed spedfic predpitate, of known N content, is added to dupUcate portions 
of serum. If the serum contains much antibody visible agglutination often ru-mrs after the 
contents of the tubes are miied. The tubes are centrifuged, washed 2 to 3 with 0.9 
per cent NaCl. ^d the predpitates analyzed for H. The escess of N found over that kidd ed 
IS taken as Mtibody N. Absorption with fresh portions of predpitate is continued until 
no more antibody N is added. Since the antigen is virtually insoluble, inhibition reactions 
due to eicess antigen are avoided. 

Bleedings from horses injected by the various routes were analyzed by this method. A 
earduUy w^ed, anri-egg albumin egg albumin spedfic predpitate with a high antibody to 
antigen ratio was used as antigen, with the results given in Table IV. 

> In a refrigerated centrifuge supplied by the International Equipment Co., Boston Massa- 

/•niiCAffe ' 
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TABLE in 


Effect of Temperature on the Precipilatiun of Horse Antibodies to Rabbit Globulin by EJeclro~ 

p/iorelic Rabbit y Globulin 

Per 5.0 ml. horse scrum II 10-16, bleeding July 25, 19-10, O’” and 37°C. 


Aiiticcn N 
added 

Tout N 
prccipiuicd 

Antibodv N 
precipitated 
(by dttTcrcnce) 

Antibody N 
Aiitificn N 

Tcita on lupcrnaUnU 


ns. 

mr. 




0 “ c.. 

3 d.ays 



0.006s* 

0.074 

0.067 

10.3 

E.tCC33 A 

0.013* 

0.123 

0.110 

8.5- 

l( « 

0 . 022 t 

0.172 

0.150 

6.8 

tt tt 

0.033$ 

0.190 

0.157 

4.8 

it it 

0.039 

0.206 

0.167 

4.3 

it tt 

0.0-13$ 

0.217 

0.174 

4.0 

Slight cacess A, tr. 





yG? 

Mg.- antibody N precipitated 

= 14.4 (7G N) 

- 52.0 (7G N)«». 

Calculated to 1.0 mg. 

antibody N: Mg. antibody N precipitated => l-l.-l (7G N)— 21.0 (7C 


37'C., 2} hours 



mSSSM 

O.OS4 

0.071 

5.5 

E.tccss A 


0.120 

0.098 

4.5 

tt tt 


0.140 

0.107 

3.2 

tt ts 

0.043$ 

0.158 

0.115 

2.7 

tt ft 


0.175 

0.123 

2.4 

No A, tr. 7G 

Mg. antibody N precipitated 

= 8.6 (7G N) - 

28.5 (7G N).«« 



yG N = electrophoretic rabbit 7-globulia N. 
* 10 ml. serum actually used for analysis, 
t 6 ml. “ “ “ “ “ 



Fig. 1. Effect of temperature on the precipitation of horse antibodies to rabbit serum 
globulin by electrophoretically separatfed rabbit serum 7-globulin. 

fSera Obtained after Intracutancous and Subcutaneous Injections of Globulins. — Horse 1046 
was rested for 5 months after the intravenous injections and then received a course of intra-' 
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cutaneous injections of the same antigens CTablc I). Although a bleeding taken ifar. 1 , 
1941, contained 0.11 mg. of antibody M piir S ml. when analyzed with particulate 7 -globu in 
antigen as above, it failed to precipitate with any of a number of dilutions of rabbit y-globulin 

sahlion. This indicated that the antibody was uiiivalent (4) or low grade. 

Horse 1(M6 was nest given subcutaneous injections of the rabbit serum globulins. Bleed- 
ings were taken July 2, 1941, and Oct. 28, 1941. The latter bleeding was negative, but the 
July 2, 1941, bleeding gave slight precipitaUon with relatf -ely large amounts of y-globulm 
(0.025 to 0.125 mg. N). Since the quantity of anU'gen used for masimum precipitalion was 


TABLE IV 

Antibody Content of AntirRabbit Globulin Horse Sera as Delerniined by Qiiaiililaihe Ahsorpticn 
vnllt Anli-Egg Albumin (Rabbit) Specific Precipitates 


Horse No. 

Bleeding dnte 

Iflieclioo* 

Antibody N 
per S ml. 

1046 

Feb. 26, 1940 

Glohulin, i.v. 

mtr 

0.17 

4t 

Apr. 8, 1940 

4( 44 

0.18 

it 

July 25, 1940 

« 44 

0.19t 

it 

Oct. 21, 1940 

End of rest period 

0.11§ 

it 

Dec. 23, 1940 

Globulin, i.c. 

1 O.iojj 

41 

Jan. 22, 1941 

11 41 



Mar. 10, 1941 

44 44 

o.llt 


July 2. 1941 

j “ s.c. 1 

0.33J: 

tc 1 

Oct. 28, 1941 

End of rest period 


44 

Feb. 4, 1942 

Albumin, i.v. 

0.095 

1126 

Feb. 4, 1942 

Albumin-globulin, i.v. 

0.145 

1127 

Oct. 28, 1941 

Before injection 

0.00 

«( 

Feb. 4, 1942 

Albumin-globulin, s.c. 

0.385 

999 

Oct. 28, 1941 

Before injection 

0.00 

44 

Feb. 4, 1942 

Globulin, s-C. 

0.415 


•i.v. «= intravenously, i.c. = intcacutaneously, s,c. = subcutaneously. Globulin, al- 
bumin, or albumin-globulin miature used as indicated. Dosages given in Table I. 

t Analyses on 4.0 ml. serum. .411 values recalculated to 5.0 ml. for comparison with 
other tables. 

§ Analyses on 2.0 ml., recalculated to 5. 

!1 Analyses on 3.0 ml,, recalculated to 5. 

about 1.5 times as much as the antibody content per milliliter determined with the specific 
precipitate (Table IV), it is probable that the observed reaction was due to a minor component 
sucb as jS-globulin present as an impurity in the 7 -globulin antigen. 

The bleeding of July 2, 1941, was ako tested for low grade antibody which could not be 
predpitated directly by soluble antigens but which could attach itself to specific precipitates 
containing fully active, mnltivalent antibody (ef. 4, 11 to 13). Accordingly, duplicate 5 ml. 
portions of predpitating serum of horse 1046 (bleeding July 25, 1940, after intravenous 
injections and similar to that in Table HI) were set up at 0° in three series: one with 
saline, another with I.O ml. portions of the Weeding of July 2, 1941, and the third with 4 ml. 
portions of this bleeding. To each set of miatures appropriate amounts of antigen were added. 
The determinations were carried out in the usual manner and are recorded in Table V. The 
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amounts of additional precipitate N due to the coprecipitation of antibody in the July 2, 1941, 
bleeding arc given in the last column of the table. 

The specific precipitate method was used to analyze the sera from the remaining horses 
injected subcutaneously with rabbit serum globulin (No. 009) or with mixed albumin and glob- 
ulin (No. 1127). As noted in Table IV appreciable amounts of antibody were present. The 
direct precipitation reactions witli 7 -globulin were dilTicult to interpret, however, since largo 
amounts of antigen were required and the precipitates obtained were relatively small. 

Frarlionation of Antisera . — In order to study the distribution of the various antibodies 
between water-soluble and water-insoluble fractions of the globulins of the antisera, 34 ml. 
of the concentrate of the scrum of horse 10-16 (Mar. 18, 19-10) used in tlic experiment recorded 

TABLE V 


Addilior. of Non-Precipitating Antibody from U 10-i6, Bleeding July 2, 19-fI, to Precipitates 
Formed from Rabbit y-ClobnIin Antigen and Horse Serum II JO-ld, Bleeding July 25, 19-10 


BlecdinR 

July 25. 1940 

Dlccdinx 

July 2. 1941 

Aaiigcn N 
added 

Tol.ll N 
preciniLated 

Dlilercncci 
from bl.tak 

ml. 

ml. 


mi. 

m:. 



0“C. 3 days 



5.0 

1.0 

0.013 

0.132 

0.009 

5.0 

4.0 

0.013 

0.138 

0,015 

5.0 

0 

0.013 

0.123 

— 

5.0 

1.0 

0,039 

0.2-10 

0.034 

5.0 

4.0 

0.039 

0.272 

0.066 

5.0 

0 

0.039 

0.206 

— 

5.0 

1.0 

0.129 

0.334 

0.082 

5.0 

4.0 

0.139 

0.486 

0.234 

5.0 

0 

0.129 

0.252 

~ 

5.0 

1.0 

0.387 

0.322 

0.04-4 

5.0 

4.0 

0.387 

0.410 

0.132 

5.0 

0 

0.387 

0.278 

— 


in Table II were dialyzed against 3 daily changes of 400 ml. of 0.005 ir phosphate buffer at 
pH 6.8. The precipitate (A) was centrifuged off and redissolved in saline. The solution gave 
an immediate precipitate with rabbit 7 -globulin. The supernatant from predpitate (A), 
after addition of salt, was analyzed with a rabbit anti-egg albumin specific precipitate sus- 
pension and found to contain 44 per cent of tire antibody originally present. By difference, 

56 per cent of the antibody had been precipitated on dilution with water, a proportion some- 
what lower than usual with the water-insoluble pneumococcus anticarbohydrate in the 
horse (14). 

Another fractionation was carried out with a late bleeding (July 25, 1942) of horse 1127, 
which had received mixed albumin and globulin subcutaneously. The serum was precipitated 
with ammonium sulfate and the fractions coming down at saturation, and between and 

saturation were each divided into water-insoluble and soluble fractions. The reaction of 
one of these (serum 1127 J, to saturated water-soluble) with rabbit serum albumin has 
been de.scribed in reference 2. ■ The percentages of the total antibody recovered, as determined 
by analyses with an egg albumin anti-egg albumin specific predpitate, were: from tlie water- '' 
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insoluble portion o£ the fracUon precipitated by H saturation with ammonium sulfate. 13 per 
cent; from the water-soluble portion, 23 per cent; from the water-insoluble porUon of the frac- 
tion predpitating between H and H saturadon, 2 per cent; from the water-soluble portion, 62 
per cent. The water-soluble antibodies, which, in other experiments (2), reacted with soluble 
rabbit albumin as do antitoxins with to.xins, comprised 85 per cent of the total, 

DISCUSSION 

The production of antibacterial (anticarbohydrate) antibodies by the intra- 
venous injection of horses has been shotvn to be correlated in most instances 
with an increase in the amount of electrophoretic y-globulin (15, 16), with 
occasional instances in which pneumococcus anticarbohydrate occurred in 
a new component (ds or T) with mobility between those of the d- and 7-globulins 
(6, 16, 17). On the other hand, antito.vin produced in. the horse occurs almost 
exclusively in this new fraction, absent in most normal horse sera (18, 19). 

The electrophoretic patterns obtained in the present series of studies are, in 
general, those to be expected from the earlier work quoted. No indication is 
found in the patterns obtained with the sera of either horse 1046 or 1126 of 
the formation of a new component with mobility between the d- and 7-compo- 
nents. These horses received intravenous injections. In contrast, the patterns 
for sera 999 and 1127 clearly showed the formation of a new dj or T component 
after subcutaneous injections of rabbit serum albumin. The antigens and the 
injection schedules for horses 1126 and 1127 were identical; only the routes of 
injection were varied (Table I), horse 1126 having been injected intravenously, 
horse 1127 subcutaneously with the same albumin-globulin mixture {cf. (2)). 

The antibody present in the serum of horse 1046 after 4 months of intra- 
venous injections with rabbit globulin gave a typical precipitin reaction with' a 
soluble antigen — ^normal rabbit electrophoretic 7 -globulin. This reaction 
(Fig. 1) is of the type given by pneumococcus anticarbohydrate (20) and anti- 
protein (3) in the horse. Characteristic is the absence of a prezone in the 
region of antibody excess; instead, the curves may be extrapolated to the origin. 
This is, of course, in marked contrast to the behavior of the rabbit serum al- 
bumin-horse anti-albumin system (2), and other examples of the so called 
flocculation reaction (11, 19, 21, and 22). 

The data for the globulin anti-globulin system are best represented by an 
empirical equation (Table n) involving the first and the 3/2 power of the quan- 
tity of antigen added and precipitated, as first proposed for several other pre- 
cipitating systems involving antiprotein formed in the rabbit (23, 4, 8, 9). 
/^though this equation has not yet been derived from fundamental coMidera- 
tions, as has another which best represents numerous other systems (56, 2Qd) 
it has the merit in these instances of fitting linearly a plot representing the ratio 
of antibody N : antigen N predpitated against the square root of the amount of 
antigen N added. For comparison of different sera, the data are recalculated 
to a common antibody content, for example, 1.0 mg, N per ml. 

When the bleeding taken from horse 1046 after a 7.5 month intravenous 
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course was set up v/itli rabbit 7 -globulin at two tcmj)craturcs, 0° and 
(Table III), a rather marked variation of reactivity with temperature was noted. 
The antibody prccipitable at 37® was only 0.123/0.17-1, or 71 per cent of that 
removed at 0.° This resembles closely the findings obtained v/ith anticarbohy- 
drate systems in the horse (20 c) and in the rabbit (2-1). On the other hand, pre- 
cipitating antiprotein (anti-egg albumin) in the rabbit (-1) or flocculating anti- 
protein systems in horse sera (rabbit scrum albumin (2); egg albumin (11, 12); 
diphtlieria to.xin (21)) have practically negligible temperature coefficients. 

The'ma.\imum combining ratio (20 d, 4) at 37® — obtained by e.vtrapolation 
to zero antigen N of the line giving the variation of the ratio antibody N : antigen 
N precipitated with antigen N added — is also less than at 0°. .‘\t the higher 
temperature it is calculated that only 8.6 mg. of antibody N can be removed 
per mg. of 7-globulin N, compared witli 14.4 mg. at 0®. 

As sho\vn in Table IV, the total amount of antibody to 7-globulin, determined 
at 0°, increased very little (0.18 to 0.20 mg. N/5 ml.) in test samples of the serum 
of horse 1046 during tlie last 3 months of the intravenous injections. The 
quantitative properties of the antibodies show appreciable differences, however. 
Since the data for Table II were obtained on a dilution of a globulin solution, 
while those for Table III were on whole serum of different antibody content, it 
is necessary to compare them on some common basis, such as 1.0 mg. of pre- 
cipitable antibody N. When this is done tlie following equations are obtained: 



BUediag date 

1)40 

ifg. antibody N precipitated «• 

( 1 ) 

Mar. 18 

9.3 ( 7 G N) minus 10,9 ( 7 G N)’/’ 

( 2 ) 

July 8 

16.3 ( 7 G N) minus 26 ( 7 G 

(3) 

July 25 

14.4 ( 7 G N) minus 21 ( 7 G N)’/* 


It is evident from the above that the initial combining ratio (9.3) and the 
slope (10.9) characteristic of the March 18, 1940, bleeding (equation (1)) are 
both significantly lower than the corresponding constants for tlie later bleedings 
(equations (2 and 3)) . The changes in these two factors are in accord with 
other quantitative data (4, 12) and witli general e.\-perience that tlie reactivities 
of antibody frequently tend to broaden on progressive immunization. 

It will be noted from Table IV that the antibody concentration in the serum 
of horse 1046 dropped from 0.18 to 0.10 mg. N per 5 ml. at the end of the rest 
period following intravenous injection of globulin. The ^ntibody content 
remained practically constant after a series of intracutaneous injections (bleed- 
ing March 10, 1941) and tlien increased markedly after a furtlier course of 
subcutaneous injections to 0.33 mg./5 ml. (July 2, 1941). This increase, how- 
ever, was due to the gradual replacement of the precipitating antibody by 
“univalent” antibody (4, 11, 12) which did not precipitate with soluble antigen. 
The value given was obtained by addition to tlie serum of a washed specific 
precipitate composed of egg albumin and rabbit anti-egg albumin. This 
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antibody has been shown to be in the 7-gIobuIin fraction (6) of rabbit sera. 
This deNnce consequently permitted the use of rabbit "/-globulin in an insoluble 
form with which the “univalent" antibody could combine and be measured 
quantitatively. 

That the precipitating or “multivalent" form of antibody should not recur 
during the intracutaneous and subcutaneous injections subsequent to the rest 
period was indeed une.vpectedj espedally since new antibody of lov.' grade or 
“univalent” reactivity was produced. Mixtures in various proportions of 
earlier precipitating bleedings with the non-precipitadng antibodies actually 
gave precipitates v/ith soluble y-globulin (Table V), providing evidence against 
any markedly inhibitory action of the “univalent” antibody which might mask 
the presence of a small amount of residual precipitating antibody. Failure 
of the precipitating antibody to reappear when the route of injection was 
changed points strongly toward the essential independence of the physiological 
mechanisms for producing the two forms of antibody. 

When the antibody is removed by attachment to preformed precipitates 
(egg albumin anti-egg albumin) (Table VI), lower values of the constants are 
obtained than in Table in, possibly because only the rabbit y-globulin molecules 
at the surfaces of the partides are available for interaction with the anti-globu- 
lin in the horse serum, or perhaps because of masking of portions of the rabbit 
globulin configuration by the egg albumin. 

IVhile most of the antibodies formed in horses after the subcutaneous in- 
-jection of rabbit serum'albmnin are to be found in the water-soluble fraction of 
the globulins of the antisera (2), the antibodies developed in response to the 
intravenous injection of rabbit globulin are largely water-insoluble. The quan- 
titative reaction curves (Tables n and HI) are also similar to those obtained 
with bacterial carbohydr.ate-anticarbohydrate ^sterns in home sera (20 c, d) 
and show the same marked temperature coeffident. The antibody formed in 
response to subcutaneous injection of globulm dififers most strikingly from that 
produced after intravenous injection in its failure to predpitate with globulin 
in solution. 

Since it has now been amply shown that the zonal type of flocculation is not 
the only type of reactivity possible in antiprotdn systems in horse sera the 
older classification into anticarbohydrate and andprotein reactions therefore 
appears to be an oversimplification. According to Kendall (25) the differences 
in reactivity between the precipitin type of antibody and the zonally flocculat- 
ing antitoxin can be accounted for quantitatively by the assumption that in 
the former molecule two groups reactive with antigen (bivalent antibody) are 
alike, and that in the antitoxin molecule the two groups differ in affinity. 

Another instance is also provided of the occurrence of low grade antibody 
free from the predpitating form with which it usually occurs. Horse anti-egg 
albumin with this property has previously been described (11, 12) as occuiri^ 
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in an early stage of the inuuunization, while serum from later bleedings gave a 
characteristic zone of flocculation. 

It is accordingly clear that the horse can produce a number of antibodies with 
differing chemical, physical, and serological properties. The route of injection 
and the nature of the antigen are major factors in determining the tyj)e of re- 


TAm.K VI 


Absorpt'wn uf Antibodies to Rabbit Globulin in Rera oj llor.\c 1016 b/ Means of a 

specific Precipitate 

Per 5.0 ml. horse scrum H 10-16, 0"‘C., 3 d.iys 


Ekk albumin 
raboU anti*cg/i 

IllecdiiiK July 25, lyW, vUibly rc.ictUc 
witli a soluble antiKcn (as in 'I'able 111) 

Ulcedin,; July 2, t9U. non-rciciivc 
with s ioluble antUen (see Icct, l)p.99, 100) 

albumin 

suapenaioQ 

K added 


Antibody 

X (by 
difference) 

Antibody N 
Suspciviion X 

Total .N" 
(itccirilAtcd 

AntU>ody N 
precipitated 
. .(by 
diiicrcncr} 

.\ntibody N 
Sutpentioa S 

ms. 

t:iK. 



rut. 



o 

d 



0.92 



0.92 

0.213* 

HEI 


0.74 

0.377 

0.16-1 

0.77 

o 

to 

00 

tSm 

0.172 

0.61 

0.475 

0. 192 


0.425 

0.606 

0.181 

0.43 

0.692 

0.267 

0.63 

0.638 

0.S34 

0.196 

0.31 

0.918;) 

0.2S0 

0.44 


Reaction cquations|| 


Mg. antibody N prcciiiitated =< 1.43 (S N) — 
1.54 (S A mastmura (calculated) =*0 .18 

mg. N 

Mg. antibody N precipitated =» 1.26 
(S N) - I.O-l (S N)"»- A maximum 
(calculated) “> 0.27 mg. N 

Conversion to basis of 1.0 mg. 

cipitable antibody N, A, gives 
Mg. antibody N precipitated => 
0.65(SN)=>/- 

nia-ximura pre* 

1.43 (S N) - 

to 1.0 mg. X: 

Mg. antibody N precipitated = 1.26 
(SN) -0.54(SN)>/» 

A = antibody. 


t One and one-half quantiU’es ac- 


* Double quantities of antigen and scrum actu- tually used, 

ally used. § One determination only. 

(I S N =» antigen suspension N 
• added. 

sponse. Rabbit serum albumin does not appear to be antigenic in the horse 
when administered intravenously but leads to the formation of the antitoxic 
type of antibody when given subcutaneously. Rabbit serum globulin, on the 
other hand, functions as an antigen by both routes, but stimulates the produc- 
tion of precipitating antibodies only when injected intravenously. 

It is not clear what property of the antigen might be concerned in these 
effects. Egg albumin, serum albumin, and diphtheria toxin are of lower molec- 
ular weight than serum globulin, which produces precipitating antibodies in 
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'the horse, but molecular size camot be the sole decisive factor since the sub- 
cutaneous injection of horses with hemocyanin (molecular weight 7,000,000) 
results m antibody of the antitoxin type (26). Clarification of this problem 
must therefore await further study. 

stmsiAEY 

1. The intravenous injection of two horses \vith alum-precipitated rabbit 
serum globulin resulted in the production of antibody which gave a typical 
precipitin reaction without a prezone m the region of antibody excess. 

2. The chemical, physical, and serological properties of this antibody are 
comparable to those of the more familiar anticarbohydrate antibodies. 

3. The subcutaneous injection of horses with the globulin antigen gave rise 
to low grade "univalent” antibody which did not precipitate with soluble 
antigen. 

4. The low grade antibody could be removed from solution by attachment 
to preformed specific precipitates, or by coprecipitation in the presence of 
“multivalent" precipitating antibody. 

5. It is concluded that the familiar antitoxin type of antibody is not the only 
form of antiprotein response in horses but that precipitating and low grade 
non-precipitating antibodies may also be formed. 

6. The nature of the antigen and the route of injection are demonstrated to 
be important factors in determining the characteristics of the antibody formed. 

BEBLIOGRAPHY 

1. Heidelberger, M., Tregers, H. P., and Freund, J., Fed. Proc.^ 1942, 1, 178. 

2. Tregers, H. P., Heidelberger, M., and Freund, J., J. Exp. Med., 1947, 86 , 83. 

3. Heidelberger, M., J. Exp. Med., 1947, 86 , 77. 

4. Heidelberger, M., and Kendall, F. E., J. Exp. Med., 1935, 62, 697. Heidelberger, 

M., and Mayer, M., J. Bad., 1940, 39, 37. 

5. (a) Heidelberger, M., KendaU, F. E., and Soo Hoo, C. M., J. Exp. Med., 1933, 

68 , 137. ( 6 ) Heidelberger, M., Bad. Ren., 1939, 3, 49. 

6 . Tiselius, A., and Kabat, E. A., J. Exp. Med., 1939, 69, 119. 

7. Heidelberger, M., and Kendall, F. E., /. Exp. Med., 1936, 64, 161. Heidelberger, 

M., in Green, D. E., Currenis in Biochemical Research, New York, Interscience 

Publishers, 1946, 457. 

8 . Tregers, H. P., and Heidelberger, M., J. Exp. Med., 1941, 73, 125. 

9. Tregers, H. P., Moore, D. H,, and Heidelberger, M., J. Exp. Med., 1942, 75, 135. 

10. Heidelberger, M., and Kabat, E. A., J. Exp. Med., 1934, 60, 643; 1938,’ 67,’ 545. 

11. Pappenheimer, A. M., Jr., y. Erp. J/ed., 1940, 71, 263. 

12. Heidelberger, M., Tregers, H. P., and Mayer. M., J. Exp. Med., 1940, 71, 271. 

13. Heidelberger, M., Kabat, E. A., and Mayer M., J. Exp. Med., 1942, 75, 35 .’ 

14. Felton, L. D., J. Infed. Dis., 1928, 42, 248; and earlier papers. 

15. Kabat, E. A., /. Exp. Med., 1939, 69, 108. 



106 


^VNTIPKOrEINS IN HORSE SEIiA. IV 


16. Moore, D. II., van dcr Schcer, J., and Wyckoff, R. W, G., J. Immunol., 19-10, 

38, 221. 

17. van der Schcer, J., Wyckoff, R. W. G., and Clarke, F. II., J. Immunol., 19-11, 

41, 3-19. 

18. van dcr Schcer, J., WyckofF, R. W. G., and Clarke, F. II., J. Immunol., 19-10, 

39, 65. 

19. Pappcnhcimer, A. M., Jr., Lundgrcn, II. P., and Williams, J. W., J. Exp, Med., 

1940, 71, 247. 

20. Heidelbcrger, M. and Kendall, F. E., J. Rep. Med., (a) 1929, 60, 809; (d) 1932, 

65, 555; (c) 1935, 61. 559; (d) 1935, 61, 563. 

21. Pappcnhcimer, A. M., Jr., and Robinson, E. S., J. Immunol., 1937, 32, 291. 

22. Hottle, G. A., and Pappcnhcimer, A. M., Jr., J. Exp. Med., 19-11, 74, 545. 

23. Heidclbergcr, M., and Kendall, F. E., J. Exp. Med., 1935, 62, 467. 

24. Heidelbcrger, M., and Kendall, F. E., J. Exp. Med., 1937, 66, 6-17. 

25. Kendall, F. E., Ann. New York Acad. Sc., 1942, 43, 85. 

26. Hooker, S. B., and Boyd, W. C., Ann. New York Acad. Sc., 1942, 43, 107. 



ON THE ORIGIN OF HEPARIN 

An Examination of the Heparin Content and the Specific 
Cytoplasmic Particles of 'Neoplastic Mast Cells 

By jean OLIVER, M.D., FRANK BLOOM, D.V.M., -vnd CARMEN MANGIERI* 

{From Hie Deparlmenl of Palltology of llte Long Island College of Medicine, 
Brooklyn, and the Laboratories of Bo£nusn-La Roche, Nutley) 

Plates 6 to 9 

(Received for publication, February 18, 1947) 

Tumors arising from a tissue that normally produces substances which 
affect generally the biological activity of the organism present a double interest 
to the investigator. Not only can they be studied from the viewpoint of the 
neoplastic process, but there remains the concomitant problem of the dis- 
turbances produced by this process in the formation of the biologically active 
substances and the consequent widespread effects that may result from these 
alterations. The latter, as with tumors of the parathyroid or the gonads, are 
usually plainly evident, but the changes, whether quantitative or qualitative, 
in the nature and formation of the active substances remain obscure. 

In the present investigation a tumor is examined in which alterations in a 
biologically potent substance can be examined by the techniques of morphology, 
biochemistry, and histochemistry. A correlation of these varied data with the 
frmctional activity of the tumor tissue will be attempted. 

Mast cell tumors, first described by Bloom (1), are a not uncommon neoplasm 
in dogs and so present an exceptional opportunity for the study of these cells of 
obscure origin and imcertain function. This is true, not only because great 
numbers of mast cells are available in the tumor for study in almost “pure 
culture,” but also, since the tumors vary greatly in those growth characteristics 
which may be summarized as “malignancy,” because they present a correspond- 
ingly varying degree of anaplasia in their constituent cells. The opportunity 
is thus afforded for the examination of mast cells of every degree of maturity 
from primitive forms with sparse fine granulations to mature cells crowded 
with their coarse metachromatic granules. It is in particular this cellular 
variation that is to be used in our study as a means to examine one aspect of 
their function, namely their rdle in heparin formation. 

Following Jorpes’s (2) demonstrations of the metachromatic reaction of 
heparin and of its chemical constitution as a member of the group of mucoitin- 
sulfuric acid esters, Wilander (3) showed the correlation that e.xists between the 
variation in frequency of mast cells in the liver capsule and the fiver parenchyma 
of the ox and the vaiydng content of the two tissues in heparin. The latter was 

*Morphobgical, chemical, and cUnical observations by J.O. andF.B., biological assaj-s 
by C.M. “ 
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prepared by the method of Charles and Scott (4) and the amount of heparin 
found expressed in the conventional unit content that measures its ability to 
prevent coagulation of blood. Ten times as much heparin was found in the 
liver capsule where mast cells are frequent as in the parenchyma where they are 
present in moderate numbers. No heparin was obtained from the liver of rats 
which contains no mast cells, while in the .subcutaneous tissue of the rat, with 
its moderate mast cell content, as much was found as in the ox liver. 

Our problem is in its first part similar to that of the investigators just men- 
tioned; to determine the heparin content of the tissues of mast cell tumors. 
Since the quantity of mast cells greatly surpasses that in any normal tissue, the 
heparin content of the tumor tissue should greatly exceed that obtainable from 
any normal tissue. This conclusion presumes that the tumor mast cells main- 
tain their usual function, a presupposition supported by what is known of 
tumors of other analogous secretory tissues, such as the parathyroid or the 
pancreatic islets and gonads. As our findings will show, not only is this suppo- 
sition confirmed, but by the examination of two mast cell tumors of varying 
degrees of cellular maturity an interesting correlation between function and 
structure of the tumor cell becomes apparent that casts further light on the 
ultimate origin of heparin. 


The Tumor Material 

Since the original description (1) of the mast cell tumor of the skin of dogs, IS 
additional cases have been observed. These neoplasms occur most commonly 
in older animals and males are more often affected. The tumors may be either 
solitary, in w'hich case they are usually benign, or multiple and malignant. 
The gross appearances of the tumors in different animals vaiy considerably 
as concerns their size and number and the extent of superficial ulceration that 
ultimately occurs. In the skin, the tumors are subepithelial and occur prin- 
cipally on the trunk, with less common involvement of the extremities. ]\reta- 
static lesions, either microscopic or macroscopic, commonly occur in the 
spleen, liver, and regional lymph nodes. The general health of the dogs is 
usually little affected except in the terminal stages of the malignant forms when 
anemia, cachexia, and other symptoms manifest themselves. No abnormalities 
in the clotting time of the blood have been observed. Repeated attempts to 
transmit the tumors to other dogs have been unsuccessful. 

The tumors consist essentially of atypical tissue mast cells whose cytoplasm 
contains metachromatic basophilic granules. The granule structure is best 
demonstrated by staining tumor imprints with Wright’s stain. As has been 
mentioned, the morphologic characteristics of the mast cells in the various 
tumors show all gradations from mature cells that resemble tlie normal tissue 
mast cells to immature cells that manifest various degrees of anaplasia. While 
it is generally true that the mature cells have large coarse granules and that the 
immature cells have finer granules, exceptions occur inasmuch as cells with 
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atypical nuclei may have coarse granules and cells othenvise quite mature in 
appearance may have fine granule^ All combinations of cellular maturity and 
immaturity with fine and coarse granules have been found in the series of 
tumors examined, 

. The general structure of the tumor consists of mast cells heavily infiltrating 
the corium and subcutaneous tissue. The cells may be grouped in nodular 
collections or form diffuse sheet-like infiltrations. The metastatic lesions 
resemble in their cellular content the primary tumor. Invasion of blood vessels 
is frequently seen and tlie sinuses of the spleen may be filled with tumor cells. 

J. The Heparin Content of a Hast Cell Tumor of Mature Cell Type 

A 10 year old male Pointer had for 1 year a spherical nodule 2.7 can. in diameter in the skin 
of the scrotum. The nodule was elevated 6 mm. above the surrounding skin and the surface 
was superfifi,:Jy ulcerated. Under local anesthesia, the entire scrotum and testes were re- 
moved. Teh weeks following the operation, examination revealed a round firm swelling that 
measured 10 cm. in diameter in the region of the left peripenile lymph node. The skin over 
the enlargement and for an area of 15 cm. in diameter in the left inguinal region and the inner 
surface of the thigh was diffusely thickened to a depth of 6 to 12 mm. The involved skin was 
corrugated and pale tan in color. In consideration of the extent of the tumor process, the dog 
was tilted w ith a lethal dose of soluble pentobarbital given intravenously. Mecropsy showed 
no outstanding gross lesions with the exception of enlargement of the right peripenile lymph 
node which measured 2.6 by 3.7 cm. and replacement of the sublumbar lymph nodes with 
tumor tissue. The latter nodes were 3 in number and were greatly increased in sixe. The 
largest measured 6X9 cm, and the smallest measured 3.5 X 5 cm. 

For histological examination tissues from the subcutaneous tumor and also from regional 
lymph nodes and viscera were fixed in Zenker’s fluid and sections were stained with the 
Giemsa method and toluidine blue. Imprints were also made of all the tissues and stained 
immediately with Wright stain. The detailed cytological studies were made on these latter 
preparations as all danger of solution of granules was thus avoided. 

Cellular Structure of the Tumor 

Sections showed the epidermis either intact and thinly stretched ovennasses 
of tumor or ulcerated by its e.xtension to the surface. In the corium and ex- 
tending deep into the subcutaneous tissue were solid infiltrations of mast cells 
(Fig. 1). These cells were of mature type, resemblmg in all details the normal 
tissue mast cell e.xcept perhaps for their somewhat larger size. They were so 
filled with metachromatic granules that in most instances all cellular detail was 
obscured, even the nucleus bemg covered by the gross granules (Fig. 2) . WTien 
visible the nucleus was of moderate size, oval, with finely divided chromatin and 
obscure nucleoli. The mast cells lay in a stroma of collagen fibrils which varied 
inversely in density with the concentration of the tumor cells; in no areas was 
there e.xtensive fibrosis. In spite of the lack of cellular anaplasia, the tumor 
was definitely malignant as was evident not only from local invasion but by the 
occurrence of metastases in lymph glands, spleen, and liver. The sinuses of the 
pulp of the spleen and branches of the portal vein were filled with solid masses of 
similar mature tumor mast cells. 
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In the imprints of the tumor the mast cells, — since they were freed of tissue 
pressure and lay in tissue fluid while the slide was being pressed upon the fresh 
cut surface, — had lost their polygonal or irregular shape and assumed spherical 
contours (Fig. 4). Except for this difTercncc in shape the cells showed the same 
structural characteristics as in sections. The granules, however, were better 
preserved and the details of their shape and size were more apparent. The 
cytoplasm of all the cells was filled with them, some being so crowded that no 
detail of cell structure could be seen. The gmiiules varied in shape; some were 
spherical, others ellipsoid, and a few presented the appearance of short rods. 
Many lay free in the ti.ssue fluid between the cells. They were strongly meta- 
chroniatic when stained with toluidinc blue or with Wright’s stain, whereas the 
nuclei stained a contrasting blue with the latter method. 

In summarj’^, the tumor consisted of a mass of mast cells that morphologically 
appeared identical w’ith the coarsely granular tissue mast cells of the normal 
subcutaneous tissues. 


The Extraction of Heparin 

330 gm. of subcuLineous tumor tissue were cmulsiilcil in .1 U aring bicnclorand made up to 
3300 cc. in phosphate buffer at a pll of 6.8. Toluol was added to the mature and it was then 
autolyzed at 37‘’C. for 24 Iiours. The alkalinity was raised 'vith NaOII to pH 9.0 and ex- 
traction continued for 30 minutes at "O’C. The emulsion was then made add with glacial 
acetic to a pH 4.5 and lieatcd for 10 minutes at S5°C. s\ he.avy co.igulation of proteins oc- 
curred wliich was removed by filtration. A clear op.aIescent filtrate resulted. .Vftcr sUinding 
12 hours in the ice bo.x a further slight precipitate occurred which was removed by filtration, 
and to the clear filtrate 3 volumes of absolute alcohol were added. .\ heavy white predpitate 
resulted which after 12 hours in the ice box was removed by centrifugation. The precipitate 
was w.ashcd twice in alcohol, dried in a desiccator, and found to weigh 20.1 gm. 

Although a preparation i7rocurcd in the w.ay described represents an e.\- 
tremely crude “heparin” and must contain a Large component of proteins and 
glycoproteins other than Iteparin (5) it was decided to assay its biological 
activity at this point rather than to risk the losses that would accompany its 
purification. The method devised b}’- one of us was used (6). The assa}’’ 
showed, with an optimum dosage of fiOyper cc.,an activity of 41 A.c.u. (8.2 i.u.)^ 
per mg. With increasing dosage the titre fell; 100 y per cc, equaling 5.5 A.c.u. 
(1 i.u.) per mg. This decrease in litre when an excessive amount of the 
preparation was used in the titration was considered to be the effect of contami- 
nating protein and throrabokinase. Jaques and Charles (7) have discussed 
these difficulties in the assay of crude preparations and have pointed out that 
when the anticoagulant activity is less than 5 i.u. per mg. it may become neces- 
sary to decide whether the activity is due to heparin or other substances. Our 
preparation lay just above this nunimum figure so that it was decided to at- 
tempt some purification to raise the activity per milligram to a figure that would 

' A.C.U., anticoagulating unit; I. U., international unit. 
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be incompatible with any other assumption than that it was due to heparin. 
A modification of the first step in the method of purification of Charles and 
Scott (4) was used. The product of their complete procedure is still considered 
by these authors to be “crude heparin.” 

2.5 gm. of the preparation was dissolved in 100 cc. of H-O at a pH of 8.5 and digested with 
2.0 gm. of pancreatin for 36 hours with ij-lenc at 37°C. 2 volumes of 95 per cent alcohol and 
0.5 cc. of HCl were then added. A h'ght predpitatc occurred and after 12 hours in the ice box 
was removed by centrifugation. It was dissolved in 50 cc. of HsO at pH 8 and heated to 7 5°C. 
A amount of dark material was removed with the centrifuge and to the clear supernatant 

2 volumes of acetone and 0.3 cc. HCI were added. The doculent precipitate was removed, 
washed in alcohol, and dried. Only 0.080 gm. was recovered, but this product on assay showed 
an activity of 147 a.c.u, (29.4 per mg. This is an increase in potency of 3i times over the 
original preparation and is compatible with the conclusion that the anticoagulant effect is due 
to heparin. 

In estimating the total heparin content of the tumor tissue the assay of the 
first sample was used, since much had been lost in the attempt at purification. 
Since 1 mg. of this preparation contained 41 a.c.u. and 20 gm. of preparation 
was obtained from 330 gm. of tumor, a kilo of tumor would contain 2,460,000 
A.c.u. or 492,000 r.u. Dog’s fiver contains about 10,000 i.u. per kilo so it 
follows that the mast cell tumor contained almost SO times as much heparin as 
has been obtained from the richest normal source of the most active form of 
heparin. 


II. The Heparin Content of a Mast Cell Tumor of Immature 
(Anaplastic) Cell Type 

The tumor was situated on the right chest of an S year old male fox-terrier. Two previous 
attempts at surgical removal had been unsuccessful for the tumor recurred in each instance 
several months following operation. On examination, the tumor was 18 cm. in diameter and 
elevated 4.5 cm. above the surface of the skin. The covering epithelium was intact with the 
exception of an ulcerated area 3.6 cm. in diameter on the upper edge ol the tumor. In the 
immediate vicinity of the main tumor mass were 5 small subepithelial nodules that varied 
from 0.8 to 1.7 cm. in diameter. Under general anesthesia, the entire tumor tissue including 
the small nodules was surgically removed. . On sectiorr, the tissue was a deep grey color and 
firm to palpation. This material was used for heparin determination. The operative wound 
healed uneventfully and the animal was observed at frequent intervals. No evidence of 
recunence was noticed at these examinations. Three months following the last operation, 
the animal died of a strangulated perineal hernia. Necrop^-, both macroscopic and micro- 
scopic, showed no lesions pertinent to the history of the tumor. 

The Cellular Nature of the Tumor 

Histological sections of the subcutaneous tumor showed masses of tumor 
cells lying beneath the epidermis and invading the deeper tissue. Even with 
low magnification a striking difference from the first specimen could be noticed 
in appearance of the tumor. The tumor cells were less clearly seen, for 
their abundant cytoplasm appeared relatively pale as compared to the densely 
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stained granulations of the first tumor (Fig, 3), This contrast in cytological 
detail was most apparent, however, in the imprint preparations (Fig. 5), In 
these the cells varied greatly in size, some having twice the average diameter of 
those of the previous tumor. The abundant cytoplasm in every case contained 
granules, but these varied from dust-like particles to the typical coarse meta- 
chromatic granules of the mature cell. The latter were at best, however, few in 
number and widely scattered and in no instance was the nucleus obscured by 
them. The nucleus was spherical or oval, vesicular with fine scattered chro- 
matin, and one or two large nucleoli were usually present. With Wright’s stain 
it took on the definite reddish tone of metachroraasia appearing ver>' unlike the 
blue nucleus of the more mature cells of the first tumor. These contrasts be- 
tween the morphological maturity of the heavily granular cells of the first 
tumor and that of the lightly staining anaplastic cells of the second tumor will 
be best appreciated in the comparison of Figs. 4 and 5. 

To summarize, the tumor consists of anaplastic mast cells of immature 
tj^e, the more primitive forms resembling very closely, with their large nuclei 
and fine granulation, the early stages in the development of tissue mast cells 
described by Downey (8). In occasional cells tlie typical coarse metachromatic 
granules of the adult form were sparsely present. 

The Extraction of Heparin 

168 gm. of subcutaneous tumor was ground in a Waring blender and submitted to the same 
procedure as the previous material : autolysis at 37®C. at pH 6.8, extraction at 70°C. at a pH of 
9 in phosphate buffer, filtration, acidification with acetic acid to a pH of 4.5, coagulation of 
proteins at 65°C., filtration, and final precipitation with 3 volumes of alcohol. A dried pre- 
cipitate of 9.05 gm. was obtained. 

As it was suspected that the heparin yield in this tumor might not be so abundant as in the 
previous experiment, it was decided to repeat, at a b’ghcr degree of alkalinity, the e.xtraction 
of the usually discarded first precipitation of proteins. This precipitate was therefore re- 
suspended in 250 cc. of 0.5 NaOH and heated to 70°C. for 30 minutes. It was then acidified 
to pH 4.5 with acetic acid and reheated to 70'’C. The protein precipitate was removed by 
filtration and to the clear supernatant 3 volumes of alcohol were added. The resulting pre- 
cipitate, after washing in alcohol and drying, weighed 1.50 gm. 

Assays of the two preparations obtained as described showed that the fihst 
sample e.xtracted with the relatively weakly alkaline phosphate bufifer had no 
determinable anticoagulant effect. The second sample e.xtracted by stronger 
alkali, showed an anticoagulant activity of 9.6 A.C.XT. (1.9 i.u.) per mg. 

If one accepts this weakly anticoagulant effect as due to the presence of 
heparin the content per kilo of the latter would be 86,400 a.c.u. or 17,280 i.u., 
since 1.50 gm. was obtained from 168 gm. of tumor. On this assumption the 
immature tumor therefore contained only about one twenty-ninth as much 
heparin as the mature tumor but nevertheless 1.7 times as much as does normal 
dog liver (7). 
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The Particulate Caulent oj Living Neoplastic Mast Cells 

In preparations fixed and stained with appropriate methods the mature cells 
of the tumor rich in heparin were seen to be filled with coarse metachromatic 
granules, rvhile in the immature cells of the tumor of moderate heparin content 
the granules were present as fine dust-like particles. Whether there were as 
many of these fine granulations in the cell protoplasm as there were of the 
coarse granules in the mature cells is impossible to determine, since their minute- 
ness faded into invisibility in the stained preparation. 

Phase contrast microscopy allows the examination of living cells unaltered by 
reagents so this method was applied to the e.xamination of the cytoplasmic 
particulate material of the tumor mast cells,* 

The cells were prepared for examination by scraping the surface of the fresh 
tumor and mounting the resulting turbid fluid m the usual marmer of a fresh 
preparation beneath covershp and sh'de. One of the tmnors selected resembled 
the mature tiunor of rich heparin content while in the other the anaplastic cells 
of an immature tumor contained a mixture of fine and moderately coarse 
particles. 

Figs. 6 to 11 show living unstained cells from an immature tumor. Detail is 
best seen in Fig. 6, as in this specimen gentle pressure on the coverglass had 
flattened the cell without disrupting its content; in the remaining figures the 
cells were floating in fluid and therefore their thickness disturbed somewhat 
the clarity of the phase contrasts. 

In Fig. 6 three optical effects are produced by the particulate matter of the 
cytoplasm; this appears to be composed of densely black granules, similar dark 
granules with optically clear centers, and fine, ill-defined grey particulate 
material. The dark granules appear in irregular clusters scattered on a diffuse 
background of the grey material. In the interpretation of these optical effects 
it is to be remembered thatwith phase contrast microscopy the examination is 
made with diaphragms widely open and that contrasts are at a Tna-riTnnm only 
when the objects are in e.xact focus, so that the differences in the optical ap- 
pearance of the various granules in these figures are not due to the diffraction 
artifacts that result from “cutting down the light” and “out of focus” examina- 
tion that are so commonly used in conventional microscopy to emphasize a 
detail which is largely spurious. \Ve can therefore be certain that the photo- 
graphed differences in the particulate matter are at least optically real. 

Fig. 12 shows a cell from a mature tumor the cells of which are filled with 
coarse metachromatic granules similar in stained preparations to those shown 
in the cell in the upper left hand comer of Fig. 4, It vrill be seen that the cell 
appears distended almost to bursting with dark granules of even greater size 
than those of the anaplastic cells and that scattered among them are a few of 

> The Zeiss apparatus for phase microscopy was kindly loaned by Dr. TTaT..; Zollinger oi the 
University of Zurich. 
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the indefinite grey particulate bodies. The picture is therefore the exact con- 
verse of the immature cell of Fig. 6. Figs, 7 to 11 show cells with varying 
amounts of the two forms of particulate matter. 

DISCOSSION 

If the mast cell seemed proven to be the normal source of heparin by 
Wilander’s (3) correlation of the concentration of these cells in normal tissues 
with their heparin content, then this conclusion is not merely confirmed but is 
pushed close to its logical limit of certainty by our demonstration of the massive 
heparin content of a tumor composed of well differentiated mast cells. It is 
also evident from our findings that the heparin content of mast cell tumors may 
vary with the granule content of the tumor cells in not only a quantitative bu t 
also a qualitative sense. In the anaplastic mast cells of an immature tumor 
granules were present and numerous, but their fine dust-like character in stained 
preparations contrasted strikingly with the coarse granule of the mature cell. 
In such a tumor the heparin content was relatively low. 

Since the granule of the typical mast cell is strongly metachromatic, a prop- 
erty also of the heparin which can be extracted from it, the assumption has been 
general that the coarse granule is heparin in particulate form. Our demonstra- 
tion of the variation in the heparin content of the tumor with the variation in 
the structure as well as number of the granules reopens this question and allows 
an e.xamination of an earlier phase of the functional activity of the cells. For 
Downey (8) in his studies of the histogenesis of the normal tissue mast cell has 
traced back the coarse metachromatic granules of the adult cell to earlier fine 
dust-lilre particles which are not metachromatic. This dust-like material he 
derives ultimately from the nucleus. Our findmgs with anaplastic mast cells 
afford no conclusive evidence on this point though the contrast between the 
reddish metachromasia of the nuclei of the immature cells and the blue nuclei of 
the mature might be considered indicative of a passage of metachromatic 
material from nucleus to cytoplasm. 

The e.xamination by means of phase contrast microscopy of living tumor mast 
cells unaffected by fixative or stain clarifies considerably the uncertain data of 
the stained preparations. Under living conditions the cytoplasmic particulate 
matter appears in two forms; as an indefinite grey granular material and as 
densely black discrete granules. The former is the dust-like material of the 
stained immature cell and the latter arc the coarse metachromatic granules of 
the stained adult cell. A comparison of Fig. 6 showing an immature cell with 
scanty dark granules and rich content of grey granular material with the 
mature cell of Fig. 12 in which the greyish particulate matter is virtually 
absent but dense black granules are present instead leaves little doubt that the 
morphological expression of the maturation of these tumor cells involves either 
a replacement of the greyish particulate matter by granules which appear dense 
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und black or a transformation of the former material into a substance having the 
latter character. Our biochemical determinations have shows that the heparin 
content of the immature tumor cell is comparatively small. It is therefore 
possible in a series of mast cell tumors to correlate the formation of heparin 
with the maturing of the primitive granular material of the anaplastic cell and 
its replacement by, or transformation into, the strongly metachromatic coarse 
granules of the more mature tumor type, with its abundant heparin content. 
There would seem to be, therefore, a primitive particulate material in the mast 
cell in which “heparin” formation, or accumulation, has not yet occurred. 

These conclusions concerning the structure and function of the tumor mast 
cells are supported by the results of tissue culture, which are reported in an 
accompanying paper (9). Briefly, pure cultures of granular mast cells grew 
from explants made of tissue from the immature second tumor of the present 
study. In the growing preparations gradation of granule size was not apparent, 
but variation in the metachromasia of the granules in the proliferating mast 
cells was clearly evident. In some cells metachromasia was intense and in 
others it was only feebly present, while in still others both metachromatic and 
unstained granules were present in' mixture (reference 9, fig. 3). These e.xperi- 
mental findings, along with our demonstrations of the varied heparin content of 
mast cell tumors, also direct attention to the possible existence of a pre-heparin 
primitive particulate matter as a structural precursor in the genesis of the 
fimctionally active product of the cells. 

A final question concerns the qualitative nature of the heparin of the mast 
cell tumors. Jaques, Waters, and Charles (10) have shown that crystalline 
barium salts of heparin from various species show variation in their biological 
actmty, though no chemical difference was noted between the different samples. 
Dog heparin for example is 10 times as potent per mg. as that derived from sheep 
tissue. One would like to know whether the heparin from a dog tumor is 
identical with that derived from normal dog tissue. In our calculations of 
“heparin content” only biological activity w’as measured; if tumor heparin is 
more potent than heparin of normal tissue then the actual heparin content 
of the tumors we e.xamined was somewhat less than 50 times that of dog liver, 
whereas if the tumor heparin is less potent, the actual content must have 
exceeded the figure given. 

Of even greater ultimate interest is the possibility that the heparin from 
neoplasms may differ in its chemical constitution from that derived from 
mature normal tissues, representing perhaps a precursor in the formation of 
the normal substance or a variant on its constitution. In the ^e of the 
mature tumor, from which active “heparin” was obtained in such large amount 
by chemical manipulation, great numbers of mast cells with mature granula- 
tions were present in the portal blood stream and in the sinuses of the spleen, 
yet no anticoagulative activity was observed jm vko. Such a paradox empha- 
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sizes the present uncertainty not only as to the exact chemical structure of 
isolated heparin but in particular as to the form in which it occurs in nature. 
A more detailed biochemical c.xamination of the heparin of tumors is therefore 
indicated. 


SUMMARY AND CO-N'CLU.SIONS 

1. The spontaneous mast cell tumor of the dog contains heparin. 

2. The cytoplasmic particulate content of the tumor mast cells varies with 
their anaplasia. This conclusion is based on the following findings: (a) in 
the immature cell of the more malignant tumor the particulate matter ap>- 
peared in the living cells by phase microscopy to be composed of greyish ill- ■ 
defined particles or as a fine, weakly metachromatic granulation in the fixed 
and stained preparation; (b) in the mature cells of a relatively benign mast 
cell tumor, both in the living cell and in stained preparations, the particulate 
matter occurred in the form of discrete, dense, and strongly metachromatic 
granules, resembling those of the normal mast cell. 

3. The heparin content was large (fifty times that of dog liver) in the growth 
with mature cells and only moderate (1.7 times) in that with immature cells. 

4. Since there may be a great amount of greyish particulate matter (or fine 
stained granules) in a tumor of relatively low heparin content, it is suggested 
that this material represents an early or precursor phase in tlie development of 
heparin. 

5. This possibility and the fact tliat the blood stream may be invaded by 
mature tumor mast cells of large heparin content without evident disturbance 
in the coagulability of the blood suggest the value of a comprehensive bio- 
chemical study of the heparin of mast cell tumors. 
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EXPLANATION OF PLATES 
Plate 6 

Fig. 1. Mast cell tumor of mature cell type described in the te.xt. Beneath the 
epidermis and invading the deep fibrous subcutaneous tissues are seen dense infiltra- 
tions of tumor mast cells. Dominici stain. X 70. 
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Fig. 2. The edge of tlie invading tumor of the previous section. The mast cells 
are so filled with metachromatic granules, appearing black in the [ihotograiih, that no 
detail in their cellular structure can be .seen. This tumor contained fifty times as 
much heparin as normal dog liver. Dominici stain. X .500. 

Fig. 3. Detail of the tumor of immature cell type from which the second preparation 
of heparin was made. Scattered through the .section, particularly along its left and 
lower margin, is seen a sprinkling of black-stained mature mast cells similar to those of 
the preceding specimen. In the right half of the figure the tumor cells contain line 
granulations which are invisible in the photograph so that they lack the a[)pearance 
of mast cells. As is shown in Fig. 5, an imiirint from this same tumor, these ap- 
parently clear cells contained a fine dust-like granulation. 'I’he growth yielded about 
one-thirtieth as much heiiarin as the mature tumor of Fig. 1 . Dominici stain. X 300. 
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Fig. 4. Imprint preparation from the mature mast cell tumor of Figs. 1 and 2, 
stained by Wright’s method. The cells are filled to a greater or less e.xtent with large 
metachromatic granules which in most cases obscure the light blue-stained nucleus. 
X 1800. 

Fig. 5. Similar preparation of the immature mast cell tumor. The anaplastic cells 
of the immature tumor have an ample vacuolated cytoplasm which contains many fine 
dust-like granulations. The nuclei are large and deeply metachromatic as compared 
with the light blue nuclei of the more mature cells in Fig. 4. In one cell nuclear divi- 
sion has occurred. In the lower center is seen one of the occasional mature mast cells 
scattered sparsely throughout the immature tumor. X 1800. 
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Figs. 6 to 12. Photographs of living unstained tumor mast cells taken by phase 
contrast microscopy. Under such circumstances the diaphragm is fully open and the 
maximum contrast occurs onl}' at the exact focus. Objects out of focus appear with 
diffraction rings {vide floating extracellular granules in Fig. 12). This means that tlie 
variations in the density of the intracellular particulate material are not the result of 
the common optical artifacts produced by cut-down illumination and out of focus 
examination, but that the considerable differences in appearance are optically real. 
X 2860. 

Fig. 6. Living unstained cell of the immature type. The cell has been slightly 
flattened by pressure. The cytoplasm is filled with particulate material presenting 
three optical appearances; densely black discrete granules, similar black granules with 
optically clear centers, and diffusely scattered greyish material in granular form. This 
last is in the same optical plane of focus as the sharply defined black granules. 

Figs. 7 to 11. Living mast tumor cells from the same specimen. In these prepara- 
tions the cells were floating in fluid, so the cytological detail is less clear because of 
their relatively great thickness. All show diffusely distributed greyish particulate 
matter among which the dense black granules are scattered in irregular clumps. 

Fig. 12. living mast cell from a mature tumor. The C 3 doplasm is crowded almost 
to bursting with dense black granules and there is very little greyish particulate 
matter. 
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Tumors composed of mast cells (1) have been shown to contain heparin in 
amounts that vary with the granular content of the neoplastic cells. This 
variation in the granules finds expression in the size, number, and tinctorial 
and optical properties of the cytoplasmic particulate matter (2). Cytological 
characteristics of thi«; sort can be observed in great detail in tissue culture and 
furthermore the evolution and differentiation of the cell structures can be 
followed more advantageously under such conditions than in the original living 
tissues. Since the literature contains no comprehensive data relative to the 
morphology and behavior of mast cells in tissue cultures, this technique was 
therefore applied to two anaplastic mast cell tumors. 

Technique 

The tumor tissue fragments were obtained from two dogs. In every instance one-half of 
the fragment was fixed in Zenker formol or 10 per cent neutral formalin and sectioned and 
stained in hematoxylin and eoan, iron-hematoxylin, Mallory’s aniline blue, and other stains; 
the other.half was placed in several cubic centimeters of whole dog’s blood under aseptic 
conditions for later cultivation in vitro. This latter procedure was followed because the tissue 
had to be transported across the city from the operating room to the tissue culture laboratory. 
Once there, the fragments were washed free of blood in Tyrode solution and then placed in dog 
serum for subdivision preparatory to planting in hanging drops and roller tubes. 

The hanging drop cultures were prepared by mixing one drop of chicken blood plasma, two 
drops of normal dog serum, and one drop of chick embryo extract. Before clotting occurred, a 
fragment of tumor was added. In makin g roller tube cultures, the tubes were first lined witb 
chicken blood plasma, ten to fifteen small tumor fragments were then set in the lining, and two 
drops of embryonic extract added. .After clotting occurred, each tube received 2.5 cc. of 
normal dog serum and 0.5 cc. of chick embryo extract .All cultures were incubated at 38°C. 
and the drum which supported the roller tubes revolved ten times per hour. With both the 
hanging drop and roller tube cultures transplantation was done as seemed necKsary because 
of beginning plasma liquefaction or to prevent deterioration of the cells. 

Toluidine blue, a basic aniline dye, v. as used for staining the cells. This was done because 
“the only criterion by which a mast cell can be recognized is the presence in its protoplasm of 
certain granules which stain electively and metachromatically viith basic aniline dyes” (3). 

• Supported by grants from the American Cancer Sodety. 

t With the technical assistance of Miss Josephine Kristan. 
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The stain was prepared by adding to Tyrode solution enough grains of powdered toluidine blue 
to impart a sky-blue color to the solution. Hanging drop cultures were stained by freeing the 
paraffin-sealed coverslip and flooding the slip with the Tyrode-toluidine blue solution. No 
fixation was used since the prime object was to stain the granules metachroma tically in the 
living cells. In the case of roller tubes the cultures were stained by adding the saline stain 
directly to the fluid medium or by replacing the fluid medium with the saline-toluidine blue 
solution. Either procedure gave a good result. 

Some of the cultures were fixed in Zejiker formol or 80 per cent alcohol and stained with 
Heidenhain’s iron-hematoxylin. 

In addition to direct microscopic e.’camination of unstained and stained material, cinemato- 
graphic continuous time-lapse photographs were made of individual cells as well as of cells in 
groups over periods varying from 6 to 12 hours. 

OBSERVATIONS 

Tissue culture of the two tumors utilized revealed differences in growth, 
morphology, and behavior of the neoplastic mast cells, and hence each growth 
will be described separately. 

T nmor 1 . — 9 year old male Boston terrier was brought to the hospital for surgical removal 
of a cutaneous nodule lying over the crest of the left ileum. This growth had been present for 
a year and after removal was identified as a mast cell tumor. Three weeks later the dog was 
returned to the hospital with twelve new skin nodules distributed over the trunk. No further 
surgery was attempted except to obtain biopsies for tissue culture purposes. The animal 
remained under observation for 4 \\ eehs and became so cachectic that the owner requested its 
destruction. During this time the number of growths had increased to forty-five. These 
were subepidermal spherical nodules scattered over the surface of the trunk but not on the 
legs. In size the growths varied from 4 to 18 mm. in diameter and were elevated 2 to 4 mm. 
above the surrounding normal skin. The superficial epithelium was usually ulcerated and the 
nodules appeared greyish-tan on section. The left axilla was filled uith an ulcerated mass 
measuring 14.5 an. in diameter and 7.0 cm. in tliickness. This large growth had developed 
within a period of 7 weel;s. Autops}' show ed small metastatic nodules up to 1 .0 cm. in diame- 
ter in the liver, spleen, and lungs. 

The tumor nodules consisted of dense collections of closely packed mast cells which had 
invaded the corium and subcutaneaus tissues. Occasional neutrophils, eosinophils, lympho- 
cytes, histiocytes, and plasma cells were scattered among the neoplastic cells. A capsule and 
trabeculae were absent and there \\ as a sparse fibrous stroma. 

The neoplastic mast cells were round, oval, or polyhedral and the round or 
oval nucleus was either centrally or eccentrically located in the cytoplasm. 
The nuclear structure was somewhat vesicular and one to three acidophilic 
nucleoli were present. There was considerable variation in cellular dimensions 
and the nuclei of the larger cells were usually hyperchromatic, with large 
nucleoli and often a bizarre shape. Nuclear hyperchromatism and hypertro- 
phic nucleoli occurred not uncommonly in smaller cells as well. Cells of great 
size containing from two to eight nuclei were not unusual and there w'ere many 
abnormal mitotic figures. Sections stained with toluidine blue revealed a 
relatively few reddish-purple, fine, delicate metachromatic granules. In the 
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occasional mature mast cell present in the same section, the granules were 
coarser and usually so numerous as to obscure the nucleus. 

Imprints of the tumor treated with Wright’s stain more clearly demon- 
strated the granules and the quantitative variations that e.xisted in the different 
celk. The granules had a fine delicate appearance that contrasted with the 
coarser granules seen in imprints of normal mast cells. 

Cultivalion in Vitro . — ^Tumor I grew very slowly in tissue culture and the lag 
phase was greatly prolonged; no growth was observed in hanging drop or roller 
tube culture until 8 to 10 days or more had elapsed. During this phase no 
cells of any kind wandered out into the medium. When migration and growth 
were finally discernible the type of growth in the tubes differed from that in 
hanging drops. 

• In the roller tubes the first indication of growth activity was the outward 
advance of a few contiguous cells at one or two points along the circumference 
of the fragment. The growth had an appearance not unlike epithelium, the 
cells extending out in a single layered sheet. The shape of the cells varied, but 
on the whole they were polygonal or rounded. No long spike-like protoplasmic 
processes were present (Fig. 1). 

The first cells to grow out contained only one nucleus, but with extension of 
the sheet of tissue some with two and three nuclei appeared. Fig. 1 shows 
such a sheet as it appeared after 16 days’ incubation of a roller tube. The cell 
shapes and number of nuclei are faithfully represented but the low magnification 
did not permit accurate representation of cytoplasmic structures. 

The most striking feature of the cells was the appearance of the cytoplasmic 
granules; even in the unstained condition their uniform size and great number 
were evident. When stained with toluidine blue they assumed the violet 
color of metachromasia and contrasted sharply with the faint blue of the 
nuclei. Every cell of the growth showed these same distinctive Qrtoplasmic 
structures. Only mast cells had grown out so that these sheets of tissue 
represented pure cultures, despite the fact that the original tumor fragment 
contained connective tissue and other cellular elements removed from the 
and tela subcutanea. 

Hanging drop cultures made from the same material presented a quite 
different picture. The cells extended out in strands and a great range of 
shapes was encountered, varying from the spindle form to elements with many 
processes (Figs. 2 to 4). Some of these last were eight to ten times as long as 
the cell body and exceedingly thin; when cytoplasmic granules were present 
in them these lay in single file. Other processes were more dendritic in ap- 
pearance, tapering rapidly from a broad base to a point from which a thin 
extension, often of considerable length, arose (e.g. Fig. 5). 

^ The cells in the hanging drop cultures held granules var>mg considerably in 
size, though in any given cell all had nearly uniform dimensions. Only oc- 
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casionally one could perceive, within a single cell granules which varied from 
barely visible to coarse (Fig. 6). When stained with toluidine blue the granules 
gave the violet color characteristic of metachromasia. With the technique 
used, not all of them were stained at the same time, those in the peripheral cells 
of the colony usually staining first. To stain those close to the original frag- 
ment exposure to the dye for several hours was sometimes necessary and by 
this time the color of the cells which had stained first had faded. Sometimes 
not all of the granules in a single cell could be stained. Some of the granules 
in one part of a cell would remain free of dye, while granules of similar ap- 
pearance in adjacent areas of the same cell were deep violet (Fig. 3). In a few 
elements none of the granules could be stained despite the fact that morpho- 
logically they were identical with adjacent cells which showed all granules 
metachromatically stained. 

Within many of the proliferating mast cells an area free from granules was 
present adjacent to the nucleus (Fig. 4). In the unstained cell close examina- 
tion was necessary to distinguish this area from the nucleus and only in stained 
preparations was it quite clearly cytoplasmic. 

Cinematographic studies were made on the hanging drop preparations. By 
time-lapse exposure technique it was possible to demonstrate unmistakable 
ameboid movement. Some mast cells which had grown out from the original 
fragment could be seen to return toward the fragment or to move among 
stationary neighboring cells whereas other cells failed to retract their proto- 
plasmic processes or change shape appreciably over an observation period of 6 
hours. Division was seen to occur only by amitosis; no mitotic figures were 
observed. Preliminary to division it was noted that the protoplasmic processes 
were retracted, the cell became rounded, and the granules more refractile, with 
result that the cytoplasm transmitted light less freely. Using these criteria 
one could predict division. Amitosis followed with the formation of two 
daughter cells of equal size, which soon moved away from each other and again 
extended their protoplasmic processes into the surrounding medium. 

Tumor II . — Since this is the same tumor described in the preceding paper (2), a masto- 
cytoma of immature cell type, the history and gross description of the tumor need not be 
repeated. Microscopically it consisted of dense collections of mast cells which were scattered 
below'the pars papillaris of the corium and infiltrated the subcutaneous tissues. There was an 
irregular fibrous connective tissue stroma which in some regions showed trabecular formations. 
Some areas were heavily fibrosed and in others the connective tissue proliferation was minimal. 
Haphazardly distributed among the neoplastic cells were occasional histiocytes, neutrophils, 
plasma cells, eosinophils, and lymphocytes. 

In general the tumor cells were similar to those of Tumor I. Cellular 
pleoraorphisra was as prominent but mitotic figures were fewer and of the nor- 
mal type. Staining with toluidine blue indicated that the metachromatic 
granules were somewhat more plentiful and that they resisted decolorization 
more strongly. The granules had the same fine delicate structure as those of 
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the preceding tumor and hence contrasted with the coarser granules of normal 
mast cells and of the tumor mast cells first reported by Bloom (1). 

In imprint preparations, the granules were essentially similar in number and 
structure to those in Tumor I. 

Cullkalioti in Vitro . — 2 days after planting pieces of Tumor II in roller tubes 
an excellent outgrowth of cells appeared from the entire circumference of some 
of the original fragments. The cells did not grow out as contiguous elements 
having the appearance of an epithelium but as spindle-shaped cells. Under 
low magnification the cultures therefore looked much like cultures of fragments 
from the ventricle of the 8 day chick embryo heart. Under higher power, 
however, the spindle-shaped cells were seen to contain the characteristic 
cytoplasmic granules which stained purple with toluidine blue. The granules 
were especially numerous in the cell body surrounding the nucleus, though 
occasionally' a granule-free area lay adjacent to the latter. 

The hanging drop cultures also showed differences between the growing cells 
of this tumor and those of Tumor I. As in the roller tube, the lag phase was 
far shorter and the growth more rapid. Proteolytic activity was considerably 
greater as er'idenced by the fact that the fibrin clot was more rapidly liquefied, 
an occurrence necessitating more frequent transplantation of the growing tissue 
to a fresh clot. Occasional mitotic figures were obsen'ed, a fact confirmed in 
sections stained with iron-hemato.xylin. Finally, in Tumor 11 more cells were 
present which showed a mixture of granules ranging in size from bare visibility 
to coarse (Fig. 6). Cells filled with coarse granules alone were less numerous 
than in cultures from T umor I. 


DISCUSSION 

From the standpoint of the phenomena of tissue growth in culture, the most 
peculiar and perhaps significant observation made in our cultures of the mast 
cell tumor is the fact that only mast cells grew. Several previous observations 
and conclusions lead to an interesting line of thought in this regard. Heparin 
has been shown by Fischer (4, 5), Goemer (6), and ZakrzewsH (7-10) to in- 
hibit cell growth. Jorpes (11) after reviewing the work of a series of investi- 
gators, has concluded that the granular substance of the normal tissue mast cells 
is heparm. A paper published herewith (2) has sho^vn that a mast cell tumor 
may have as much as fifty times the heparin content of normal tissues, and 
has provided reason to suppose that the heparin content varies with the number 
and size of the metachromatic granules within the cells. If the cultivated cells 
were producing heparin in vitro it seems possible that this material acted to 
prevent growth of the other cells in the tumor fragment. 

The metachromatic cyhoplasmic granules are the most characteristic struc- 
tures found within prolh'erating mast cells. Since their granules may be con- 
cerned in the elaboration of heparm, the steps involved in their formation and 
dissolution become important. Our observations in cultured cells closely 
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accord with those of Oliver, Bloom, and Mangieri as reported in the associated 
paper on the heparin content and the cytoplasmic particles of tumor mast 
cells (2). These investigators correlated the heparin content of the tumors 
examined witli the occurrence in the cells of granules differing in size and 
number and with differing tinctorial and optical properties. Their finding 
suggests an elaboration of pre-heparin, finely particulate matter into the coarse 
metachromatic granules of the mature heparin-containing cells. As yet we 
have not observed a complete cycle of granule formation within a single living 
cell, but the composite picture seen in the developing cells of the tissue culture 
lends itself to such an interpretation. Following staining with toluidine blue 
we were unable to detect within the nucleus either metachromatic granules (12) 
or a diffuse metachromasia (2, 12), findings which were the basis of Downey’s 
conclusion that the granules are derived from the nucleus. In the cytoplasm, 
however, a sequence in granule formation is strongly suggested by the presence 
of fine and coarse granules and a corresponding variation in tinctorial reaction 
from a complete absence of metachromasia in the fine granules to the develop- 
ment of its intensely reddish-purple color in the coarse ones. The optical 
differences in the granules demonstrated by phase microscopy, noted in the liv- 
ing cells of the tumors (2), were also seen in the tissue cultures (Fig. 7). 

Many observers believe that division in normal mast cells is solely by amitosis 
(13, 14). This was true in the cultures of one of the tumors we have studied, 
but division by mitosis was observed as well in the culture of the second 
tumors, an occurrence which may have been due to the relatively more ana- 
plastic state of the neoplastic cells. 

SUMMARY AND CONCLUSIONS 

Fragments from two mast cell tumors of the dog have been cultured in vitro. 
Studies on the living and on fixed and stained preparations revealed the 
following: 

Only mast cells grew out from the original tumor fragments though these 
contained other types of cells. They grew in some of the roller tube cultures 
in a sheet resembling an epithelium but in hanging drop cultures they lay 
separate and were irregularly spindle or star-shaped with long protoplasmic 
processes, 

The cytoplasmic granules of the proliferating mast cells varied in size, num- 
ber, and tinctorial properties. In most of the cells they stained metachro- 
matically, in occasional cells some of the granules only could be stained, and in 
a few none could be stained. 
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EXPLANATION OF PLATES 
Plate 10 

Fig. 1. Tumor I. Sheet of mast cells resembling epithelium. Stained with 
toluidine blue after 16 days’ cultivation in roller tube. Drawing, X 100. 

Fig. 2. Tumor I. Group of mast cells cultured for 63 'days in a hanging drop. In 
some of the cells the metachromatic granules are especially numerous about the 
nucleus. Toluidine blue. X 100. 

Fig. 3. Tumor I. Three mast cells from a fragment grown for 55 days in a hanging 
drop culture. All of the granules in the central cell have taken the stain deeply 
whereas those of the cell on the left differ widely in this respect. Toluidine blue. 
X430, 
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Plate 11 


Fig. 4. Tumor I. Mast cells grown 66 days in a hanging drop culture. Note cell 
processes, distribution of nielachromatic granules, and the cytoplasmic area free from 
them near the nucleus. Toluidine blue. X 200. 

Fig. 5. Tumor II. Mast cell from a hanging drop culture 45 days old. Note the 
size and distribution of granules and the long tenuous processes. Toluidine blue. 
X 430. 

Fig. 6. Tumor II. Two cells from a 41 day old culture stained with I-Ieidenhain’s 
iron-hemato.xylin. Note coarse granules in cell at left and fine granules in cell at 
right. Drawing, X 970. 

Fig. 7. Tumor III. .-V photograph taken with the phase microscope of two living 
spindle-shaped mast cells containing coarse granules, from a tissue culture. Some of 
the granules appear homogeneous, whereas others have a shell of dense material 
surrounding a clearer central portion. Flanging drop, 11 days old. X 970. 
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AJIINO ACID COMPOSITION OF HIGHLY PURIFIED VIRAL 
PARTICLES OF INFLUENZA A AND B* 

Bv C. A. KNIGHT. Ph.D. 

{From the Deparlmenl oj Animal and Plant Palkology of The Rockefeller 
InsliluicfoT Medical Research, Princeton, Nea J ersey) 

(Received for publication, April 24, 1947) 

The mutation of viruses to form new strains (1, 2) is a phenomenon which 
has been recognized for many years in the form of its various biological manifes- 
tations, but only recently has it become possible to attempt a correlation of this 
knowledge with the fundamental chemistry of the viruses themselves. Thus, 
amino acid analyses made on strains of tobacco mosaic virus have' revealed 
differences in the composition of the virus proteins which presumably can ex- 
plain their different biological properties and which also conceivably illustrate 
the nature of the chemical changes which accompany the mutation of a virus to 
form a new strain (3-7). In viev/ of these findings, it was naturaUy of interest 
to determine whether or not similar chemical differences exist between strains 
or types of an animal virus. Highly purified preparations of influenza viruses 
(8-12) were available for this purpose and the PR8 strain of influenza A and the 
Lee strain of influenza B were chosen for comparison. These viruses produce 
dinically indistinguishable diseases (13) and appear to be very' similar in gross 
chemical properties (9). However, they are serologically and immimologically 
distinct (13) and seem to differ slightly in size (12, 14). In this communication 
there are presented the results of an attempt to discover, at least in part, a 
chemical basis for the similarities and differences between these two types of 
influenza viruses. The approach employed has centered upon the protein 
components of the viruses and microbiological assays for amino acids have been 
made on hydrolysates of the highly purified viral particles of PR8 and of Lee 
influenza viruses obtained from the allantoic fluids of infected chick embryos. 

Methods and Findings 

Preparalion of Virus for Assay . — ^Highly purified preparations of the PR8 and Lee strains 
of influenza vims were obtained from allantoic fluids of infected chick embryos by a combi- 
nation of the methods of differential centrifugation and adsorption on and elution from chicken 
red cells (8-12). Such preparations were found to consist of particles which were highly active 
biolo^cally and which were uniform in size, in electrochemical behavior, and in serolo^cal 
reactions (11). The purified viruses were freed of salt and dried as recently described (15). 
Hydrolysates of the viruses were obtained by heating 50 mg. samples in 2 ml. portions of 2.7 
N hydrochloric add 'm sealed tubes in an autoclave at IS pounds pressure for 10 to 12 hours. 

* Presented in part at the meeting of The American Sodety for Biological Chemists in 
Chicago, May IS to 22, 19-17. 
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The hydrolysates were neutralized and filtered and the combined filtrate and washings for each 
sample was brought to a volume of 250 ml. For the tryptophane assays, separate samples of 
11 to 15 mg, were hydrolyzed in 1 ml. portions of 20 per cent sodium hydroxide in sealed tubes 
in an autoclave at 15 pounds pressure for 15 hours. The hydrolysates were neutralized, 
filtered, and brought to a volume of 100 ml. For the sake of comparison, an hydrolysate of 
the sedimentable component of normal allantoic fluid (16) was also prepared and simultaneous 
assays were made on this and the vims hydrolysates. 

TABLE I 


Amino Acid Content of Highly Purified PRS and Lee Influema Virus Particles and of ths 
Sedmentable Particles of Normal Allantoic Fluid 


Amino acid 

1 1 

PRS Influenza virus , 

Lee influenza virus 

Normal allantoic 
particles 

MD' 


•| 

p(r c^fit 1 

per cent 

per cent 

per cent 

Alanine 

2.5 

2.6 


0.1 

Arginine 

5.0 

4.0 1 

3.9 

0.2 

Aspartic add 

7.4 

7.3 i 

6.2 

0.1 

Glutamic add 

7.7 

6.2 

6.1 

0.2 

Glycine 

2.5 

2.9 

1.8 

0.1 

Histidine j 

1.4 

1.5 

0.8 

0.03 

Isoleucine 

5.2 

5.4 

4.1 

0.1 

Leudne 

5.3 

5.5 

1 4.3 

0.1 

Lysine j 

3.6 

4.7 

1 2.5 

' 0,1 

Methionine i 

2.3 

2.1 

1 1.1 

0.1 

Phenylalanine 

3.7 

3.4 

3.6 

0.2 

Proline 

2.6 

2.7 

2.8 

0.2 

Serine 

2.2 

2.2 

2.1 

0.1 

Threonine 

.3.7 

4.0 

3.8 

0.1 

Tryptophane 

1.1 

0.7 

' 0.7 

0.02 

Tyrosine , 

3.1 

2.1 

2.2 

0.05 

Valine 

3.4 

3.2 

3.2 

0.1 


* Mean deviation of the values of single determinations from the averages given in the 
table. 


Microbiological Assays . — ^The methods used were largely those of Stokes and co-workers 
(17-19), to whom the author Is also indebted for original cultures of the bacteria employed. 
Alanine, glutamic acid, proline, and glydne were not determined by Stokes and collaborators. 
However, they were determined in the present investigation by microbiological assays which 
satisfied fairly well the usual criteria of reliability in this type of analysis (17). Thus, Strepto- 
coccus faecdis was employed to assay for alanine, arginine, glutamic acid, histidine, isoleucine, 
leucine, lysine, methionine, threonine, tryptophane, and valine. Lactobacillus delbriickii LDS 
was used to determine phenylalanine, serine, and tyrosine; and Leuconastoc mesenleroides P-60 
(20) was employed in assays for proline, aspartic acid, glycine, and in some instances, for lysine. 
The basal medium of Stokes (18) was used in all cases. 

Five preparations of PRS, four preparations of Lee virus, and a combination sample repre- 
senting several preparations of normal allantoic particles were analyzed. The averages of 
the results obtained in these analyses are given in Table I. From the mean deviations, also 
presented in Table I, one can obtain an estimate of the reproducibility of each analysis and 
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hence a judgment of which of the observed differences are probably significant. On this basis, 
the values shown in Table I inthcatc significant differences between the PR8 and Lee influenza 
particles in their contents of arginine, glutamic acid, lysine, tryptophane, and tyrosine. 
There may also be ugnificant differences in the glycine and histidine values for the two strains, 
although the present data do not clearly indicate this. 

DISCUSSION 

In evaluating the differences observed in analyses made on the whole particles 
of influenza viruses, account must be taken of their chemical complexity. The 
highly purified particles of PR8 and Lee viruses contain protein, poljreaccharide, 
lipid, and nucleic acid components. The sums of the percentages of these last 
three components are essentially the same for the two strains and the percent- 
ages of nitrogen contained in the intact virus particles, which can be determined 
more preebely, coincide (9, 21). From these facts, one can conclude that both 
strains probably contain identical quantities of protein and hence that the differ- 
ences observed in anuno acid assays of the whole particles are real and do not 
merely reflect variations in quantity of the non-protein constituents. Thb con- 
clusion b strengthened by the nature of the analytical results. Five differences 
were observed and one of these was in the opposite dbection from the other four. 
No significant differences were observed with respect to the value for ten of the 
seventeen amino acids detemiined. Therefore, the assumption that PR8 and 
Lee virus particles contain equal quantities of protein appears to fit the facts 
better than the alternative h3rpothe5b. Furthermore, it should be noted 
that even if thb assumption should prove fake, the major prembe of the re- 
port, namely that the protein components of the two strains of virus are 
markedly different in composition, still holds. 

The analysis of highly purified preparations of influenza viruses has revealed, 
as in the case of similar analj'ses made on plant viruses, a noteworthy uniform- 
ity in the composition of successive preparations. The compositions of the 
PR8 and Lee influenza viruses were so characterbtic of the strains used in these 
studies that they could imdoubtedly have been used to identify them, as bag 
been done with certain strains of tobacco mosaic virus (5). While the differ- 
ences found in the present study are pronounced both in mnnber and kind, it b 
interesting to note that the two strains appear to contain identical quantities of 
at least ten different amino acids. It seems that thb should provide a chemical 
basb for the biological fact that these are influenza viruses, although more data • 
would be required to establbh thb point firmly. In thb connection, it can be 
seen from the results shown in Table I that the composition of the sedimentable 
particles of normal allantoic fluid closely resembles that of Lee virus in eight or 
nine cases and that of PR8 virus in four or five respects. However, a close and 
perhaps fundamental relationship has been established among these materiab 
by immunochemical studies (11). 

The present findings resemble those obtained in studies made on strains of a 
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plant virus, tobacco mosaic virus, both in character and in extent. In both 
instances the protein components have been found to differ. The results of the 
plant virus analyses demonstrated the presence of only a few differences be- 
tween closely related and many deviations among presumably distantly related 
strains (3-7). The well known immunological distinction between the viruses 
of influenza A and B (13, 22-24) strongly suggests that they are not closely 
related, and it was found in the present analyses that the protein components of 
PR8 and of Lee viral particles diflrered in five or more ratlier than in one or two 
respects. 

On the basis of current knowledge one can only speculate regarding the rela- 
tionship of the present findings to the different biological and physicochemical 
properties of PR8 and Lee viruses. However, in the absence of data to the con- 
trary, it seems reasonable to assume that a substantial portion of the serological 
activity and of the biological specificities of these viruses can be attributed to 
the protein components, which constitute appro.ximately two-thirds of the 
weight of the viral particles. For example, the differences found herein might 
well account at least in part for the lack of immunological relationship between 
the two strains (13, 22-24), for their different pH stability ranges (25), tlieir 
different red cell agglutinating capacities (11), and for the widely divergent heat 
stabilities of their agglutinating capacities (26). However, it is apparent that 
further studies of the sort reported herein will be required before it will be pos- 
sible to draw more specific conclusions regarding the relationship of viral com- 
position to viral properties. 

SUMMARY 

Microbiological assays for amino acids were made on hydrolysates of four to 
five highly purified preparations each of influenza A virus (PR8 strain) and 
influenza B virus (Lee strain). The results of the assays indicated tliat these 
strains of influenza virus contain approximately the same amounts of alanine, 
aspartic acid, glycine, histidine, isoleucine, leucine, methionine, phenylalanine, 
proline, serine, threonine, and valine. However, significant differences were 
found in the values for arginine, glutamic acid, lysine, tryptophane, and tyro- 
sine. It is believed that these differences may provide, at least in part, a 
chemical e-xplanation for some of the differing properties of the PR8 and Lee 
strains of influenza viruses. 
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A benign virus-induced tumor, the Shope rabbit papilloma (I), may undergo 
alterative changes in an expected and established sequence to become a malig- 
nant epidermoid carcinoma (2-6). The relation of the virus responsible for 
the mitial growth to the final cancer, or to the cells of that cancer, is not known. 
At least four explanations for the relationship suggest themselves. Firstly, 
the papilloma and the ultimate cancer have the same etiological agent, the 
papilloma virus; secondly, the papilloma virus becomes modified during the 
papilloma-to-carcinoma sequence and is present in the cells of the cancer in a 
changed or disguised form functioning as its essential cause; thirdly, the 
papilloma virus by initiating and actuating a growth with the immediate charac- 
ters of a benign tumor, namely the papilloma, which ultimately undergoes 
carcinomatous degeneration, serves as a provocative carcinogenic agent; or, 
fourthly, the papilloma virus, once the growth becomes carcinomatous, is carried 
as a passenger in the cells of the cancer. The last possibility appeared to offer 
the best approach to a study of the role of the papilloma virus in the papilloma- 
to-carcinoma sequence. To explore one phase of this problem, we undertook 
to determine whether the cells of the virus-induced papilloma, or the cells of 
the cancers derived therefrom, could be superinfected by extraneous viruses; 
i.e., viruses that are extraneous in the sense that they have no etiologic rela- 
tionship to the tumors imder investigation. That cells integrant to the papil- 
loma-to-carcinoma sequence adequately support the growth of e.xtraneous 
viruses has been briefly recorded by Levaditi and Schoen (7) for the benign 
phase and by omselves for both the benign and malignant phases (8). More- 
over, multiple virus infection of individual host cells has been described (9, 
10). The work on which our preliminary notes were based has been amplified 
by further e,xperimentation and will be presented in detail in two papers. 

The studies described in the present report were designed to establish the 
Euperinfection by extraneous viruses of the cells of virus-induced papilloma 

• TOs investigation ^as aided by a grant from The Jane Coffin Childs Memorial Fund for 
Medical Research. 

Reported in abstract before the American Assodation for the Advancement of 
Rochester, Kew York, June 18, 1936. See J. Boa., 1936, 32, 356. 
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(cells that contain the Shope papilloma virus) and of an epidermoid carcinoma 
derived therefrom. 

When we described our first studies (8), and when Levaditi and Schoen reported 
theirs (7), no evidence had been reported that cells containing a virus could be super- 
infected by unrelated viruses. Levaditi and Schoen described the superinfection of 
the epithelial cells of the virus papilloma (Shope) with vaccine virus, but they were 
unsuccessful when herpes virus was employed as the superinfecting agent. 

In contrast to this limited use of virus tumors for infection by extraneous viruses, 
the thought of a virus being carried along in the cells of a cancer is not a new one. 
Levaditi and Nicolau (11) first reported that transplantable tumors of mice, rats, 
rabbits, and cliickens supported the growth of viruses which had been introduced 
experimentally. Continuing these investigations, Levaditi and his associates (12, 
13) successfully demonstrated the infection of a variety of tumors of unknown cause 
by many viruses (herpes, vaccinia, rabies, fowl pest, and lymphogranuloma venereum). 

Further experimental work employing tumor cells for infection by viruses has been 
reported. Hallauer (14) found that tissue cultures of the cells of a mouse carcinoma 
would support fowl pest virus, whereas other mouse tissues would not. Mellanby 
(IS) successfully infected tar- and dibenzanthracene-induced sarcomas of chickens 
with the Rous sarcoma agent by injecting the virus at a distant site. Although he 
was unable to demonstrate an alterative effect on the chemically-induced tumors, 
cell-free filtrates prepared from these tumors produced a Rous sarcoma. On the other 
hand, cells from these tumors on transplantation yielded tumors of homologous type 
from which virus was not recoverable. Findlay and MacCallum (16) found that yel- 
low fever virus grew readily in the cells of a mouse carcinoma, and that certain strains 
of the virus could be carried for as many as SO passages without any apparent cliange 
in their pathogenicity. The investigations of Rous and Kidd (17) have demonstrated 
the modifying influence of a virus on preexisting tumors of unknown cause. They 
describe remarkable effects as due to the infection of tar tumors of rabbits with the 
rabbit papilloma virus. The virus had an activating, transfoi-ming, and carcinogenic 
effect, whether the tar tumors were located superficially or followed implantation. 
Andrewes el ah, (IS) reported single sarcomas originating in each of two rabbits after 
repeated intramuscular injections of tar and a single intravenous injection of fibroma 
virus (Shope). One of these sarcomas was transplated serially, but repeated attempts 
to demonstrate fibroma virus cither directly or by immunological tests were unsuccess- 
ful. 

Histopathological evidence to suggest that a virus can be a superinfecting agent in 
tumors or even the responsible etiological agent has been presented occasionally. 
Thus, Russell (19) reported the presence of intranuclear inclusion bodies in 33 per cent 
of 192 human gliomata. Wolf and Orton (20) obtained similar results from a compar- 
able study. Since the inclusion bodies that they described conformed in appearance 
to type B intranuclear inclusions, further work is needed to evaluate their findings. 

Of significance to the present investigation is the well known discovery by Rivers 
and Pearce (21) that a transplantable malignant tumor of rabbits, the Brown-Pearce 
rabbit epithelioma, was spontaneously infected with a virus, virus III, and tliat this 
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virus was maintained and carried in successive tumor transplants even when the host 
was immune to reinfection with the same virus. Andrewes (22), moreover, found 
virus in occurring as a passenger in a transplantable sarcoma which originated at 
the site of intramuscular tar injections, and also as a superinfective agent in cells of 
the infectious fibroma of rabbits (Shope) (23). The e.ttraneous virus, virus HI, pro- 
duced inclusion bodies in the fibroma cells, focal necroses of the tissues, and an ac- 
celerated regression of the growths. The presence of inclusion bodies in nearly all 
the cells of the passaged fibroma is natural evidence, supporting the e.rperimental 
findmgs, that cells can support multiple infection by viruses (8-10). Andrewes 
observed further that complete suppression of the fibroma resulted when a mixture of 
fibroma virus and virus III was injected. Tliis should not be interpreted as an “in- 
terference phenomenon," for the infection of the host cells by the virus of the shorter 
incubation period, virus III, would naturally destroy enough cells to make it diffi- 
cult for the virus with the longer incubation period, fibroma virus, to propagate. This 
effect is similar to the suppressive or inhibitory effect which has been observed when a 
\’irus is injected at a site where the cells have been injured or destroyed as the result 
of exposure to Roentgen rays (24). 

ilaierials and Methods 

Viruses . — Papilloma virus and five extraneous viruses each capable of producing readily 
recognizable and diagnostically significant inclusion bodies were employed. 

The papilloma virus (Shope) (1) was obtained from papillomas that were present on 
cottontail rabbits (genus, Sylnlagus) when they arrived from Kansas, where they had become 
infected under natural conditions. 

The Brazilian strain of infectious myxomatosis of rabbits (Sanarelli) (25) was employed. 
It was obtained from Dr. T. M. Rivers in whose laboratory at the Rockefeller Institute it 
had been carried in rabbits for a number of years. This lughly virulent strain gives rise to 
a rapidly progressive disease winch is characterized by rapid proliferation of relic with ex- 
tensive metastases and death of the host. When examined histologically, the gelatinous 
tissue is found to consist of vascularized myxomatous tissue with large stellate cells. The 
epithelial cells in epidermis overlying the myxomatous tissue contain readily recognizable 
cytoplasmic inclusion bodies. Jfetastatic lesions in the skin of domestic rabbits were "sH 
to provide somce virus. 

The strain of B virus (26) had been obtained from Dr. A. B. Sabin. Its parenteral in- 
jection gives rise to a imiformly fatal encephalomyelitis in rabbits. Although the virus is 
predominantly necrotizing, with edema, hemorrhage, and infiltration by polymorphonuclear 
and mononuclear celb as secondary phenomena, type A intranuclear inclusion bodies can be 
seen in infected cells of the epithelium at the site of injection and in the central nervous 
system. We used tissue from the brain and cord of rabbits recently dead or moribund to 
provide source virus. 

The virus HI employed was a testicular-passage strain obtained from Dr. Rivets (27). 
This strain gives rise to local erythema, edema, tumefaction, a variable cellular infiltration,' 
and type A intranuclear inclusion bodies in from 3 to 5 days after inoculation. Testicular 
tissue infected 4 days previously provided source virus. 

The strain of vaccine virus employed was that used by the New York City Board of Health- 
It was maintained in our laboratory by testicular passage in rabbits and by passage on the 
chorio-allantoic membrane of chicks according to the Goodpasture technique (28) The 
virus, when used either in tissue suspension or as washed elementary bodies, produces typical 
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lesions with moderate necrotization and the formation of numerous cytoplasmic inclusion 
(Guarnieri) bodies in epithelial cells. , 

The highly virulent HF strain of herpes virus, isolated in 1922 by Flexner and Amoss (29), 
was employed. Although essentially neurotropic, this strain will attack cells derived from 
all three embryonic layers to produce microscopic changes which include the production of 
type A intranuclear inclusion bodies. The immediate source of virus for the present ex- 
periments was brain tissue of rabbits or mice that had died following inoculation of the virus 
by either the intracerebral or corneal routes. 

Animals. — Eighty-three (Oryclolagtis) and cottontail {Sylvilagtis) rabbits were used in 
the present study. Six were normal rabbits; twenty-six had preexisting papillomas initi- 
ated 10 to ISO days previously by rubbing 0.1 ml. of virus suspension on a prepared, lightly 
scarified cutaneous site (approximately 2 cm. in diameter); one had an epidermoid carcinoma; 
and fifty were either immune or non-immune animals that were used to confirm the sped-, 
ficity of virus superinfections. 

Preparation of Virus Suspensions. — ^The suspension to serve as inoculum was prepared 
from virus-containing tissues immediately after thdr removal. Using aseptic precautions, 
the tissues were weighed, ground in a mortar to a fine paste with an abrasive* and Locke’s 
solution to yield the concentration desired. This suspension was centrifuged horizontally 
at 3000 E.p.M. for 30 minutes and tlie supernatant fluid, or a decimal dilution thereof, was 
used as the inoculum. The amount of inoculum and the route of injection are given in each 
protocol. 

Technique for Infecling Cells. — Two methods were utilized in superinfecting papilloma 
cells with viruses. The method most frequently employed was that of infiltrative inoculation. 
Infiltration of a suspension through a smalt gauge needle (22 to 27 gauge) brought a single 
virus, or a mixture of two or three viruses, into immediate contact with susceptible cells and 
usually resulted in tlieir parasitization. 

A second method was employed to determine the tropism of papilloma cells for extraneous 
viruses. The virus was introduced at a site as far removed from preexisting papillomas as 
was conveniently possible and after a suitable interv;il attempts were made to elicit evidence 
of its presence in the papilloma cells. 

Fi.salion and Staining. — Representative blocks of all infected tissues were secured for 
histopathological study immediately after tlie rabbits had been killed by inhalation of chloro- 
form. The pieces of tissue were fixed in Zenker’s (5 per cent acetic acid) fixative fluid and 
embedded in paraffin. The sections were stained with hemato.xylin and cosin and according 
to Giemsa’s method. Exceptionally, these stains were supplemented by phloxin-mcthylene 
blue and eosin-methylcne blue. 


EXPERIMENTS 

That the cells of a virus-induced growth have been superinfected by one or 
more extraneous viruses becomes apparent only when these cells show intra- 
cellular changes characteristic of the extraneous agent. When careful histo- 
pathological study reveals such changes, one is justified in inferring that the 
extraneous virus is within that particular cell. Complemental evidence to 
show that a second virus is present, or even a third virus, are recovery of each 
virus by suitable animal passage and its identification by suitable immunologi- 
cal procedures. These criteria were employed in the present studies. 

* Alundum, procured from Norton Company, Worcester, Massachusetts. 
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Superinfeclion of the Cells of a Preexisting Virus Lesion by a Single 
Eliologically Distinct Virus 

Four preliminary experiments were planned to leam v/hether the epithelial 
cells of the benign virus-induced papilloma (Shope) can be superinfected by 
smgle extraneous viruses. The data and findings that relate to these four 
experiments (Experiments 1, 2, 3, and 4) are summarized in Table I. 


TABLE I 

Results of Experimeitis 1, 2, 3, and 4 

Proof that Cells of the Ralbil Papilloma Were Superinfected by a Single Extraneous Virus 
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•DR = domestic rabbit; CR = cottontail rabbit. 


From the data summarized in Table I, it can be seen that the results of these 
first four experiments established the fact that epithelial rp l|=; of the virus- 
induced papilloma, cells that presmnably contain papilloma virus, can be super- 
infected by a single extraneous virus (Figs. 1 to 4). Of the four viruses, B 
virus, vaccinia, virus m, and herpes virus, utilized for superinfection, B virus 
(Fig. 1) and vaccinia (Figs. 2 and 3) gave intracellular evidence of their pres- 
ence. No specific evidence for superinfection by herpes virus or virus m 
resulted, on the other hand, when these viruses were used. Animal inoculation 
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and immunological tests verified the presence of virus III, but did not yield 
herpes virus in papillomatous tissue removed for examination 10 and 16 days, 
respectively, after such lesions had been infiltrated with herpes virus, 

SiiperinfecHon of the Cells of a Preexisting Virus Lesion by Two 

Distinct Viruses 

When it was learned from the first four experiments that a single virus can 
superinfect the epithelial cells of the rabbit papilloma, a second group of experi- 
ments (Experiments 5, 6, and 7) was planned to find out whether two extraneous 
viruses could simultaneously superinfect the papilloma, and, if possible, single 
papilloma cells. The data relating to these three experiments are presented 
in Table II. 

From the findings of Experiments 5, 6, and 7, it was evident that the tumor 
readily supported the growth of two extraneous viruses, and that microscopic 
examination of single papilloma cells showed evidence for simultaneous para- 
sitization by both viruses. A different combination of two viruses was em- 
ployed for each experiment. 

It can be seen from the results of Experiment 5 that the rabbit papilloma can 
be superinfected by B virus and m3rxoma virus injected simultaneously. 
Four of the five rabbits yielded evidence for the presence of intranuclear and 
cytoplasmic inclusion bodies in papilloma cells (Figs. 4 to 8). Moreover, 
in papillomas on two of these animals, both types of inclusion body appeared 
to be present in single cells (Figs. 5 and 6). 

The results of Experiment 6 gave further evidence that papilloma cells can 
be readily superinfected by vaccinia virus. Evidence for infection by both 
vaccinia virus and virus III, on the other hand, was found in but a single ani- 
mal (Fig. 9), and none of five animals yielded cells that contained both an 
intranuclear and a cytoplasmic inclusion body. 

Experiment 7 yielded cytological evidence for the presence of vaccinia and 
B viruses in the superinfected papillomas (Fig. 10), but satisfactory evidence 
for the presence of both viruses in a single cell was not found. It was noted 
that the necrotizing effect of the two viruses in combuiation was great. 

A further and final attempt was made in an eighth experiment to elicit 
intracellular evidence for the presence of two viruses in papilloma cells. This 
e.xperiment was designed to determine what effects would result from the simul- 
taneous infiltration of three viruses into pree.xisting papillomas on hosts that 
were immune to one of the viruses. It was hoped that an accelerated or 
hj’perimmune generalized tissue reaction might advantageously affect the host’s 
response to yield better results than those obtained previously. Accordingly, 
a mixture of myxoma, vaccinia, and B viruses was inoculated into papil- 
lomas on two rabbits that had recovered from infectious myxomatosis. 
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Experiment 8. Superinfeciion uilh B Virus and Vaccine Virus in the Presence of an Immune 
or Accelerated Response to Virus . — Sbcty-four-day-old papillomas on two domestic rabbits 


TABLE II 

ResiJts of Experiments S, 6, and 7 

Proof that Cells of the Rabbit Papilloma Were Superinfecied Simultaneously by Tuo Extraneous 
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t Four papillomas on each rabbit were infiltrated with dedmal dilutions, 1(F through 10* 
of a mixture consisting of equal parts of a 10 per cent suspension of B virus and 1 per cent 
suspension of the other virus employed. 

§ The injection of virus lU was followed in 10 days by the injection of vaccinia virus. 

that had recovered from infecUous myxomatosis were infiltrated with a mixture up 
from equal parts of 10 per cent tissue suspensions of three viruses, B virus, vaccinia, and 
myxoma virus. Both rabbits were acutely ill 48 hours later. 
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WTien rabbit DR8-1 was killed on the 4th day after injection, each lesion had an erythema- 
tous areola but no other change. Microscopic examination showed numerous, minute, circum- 
scribed abscesses with many mononuclear and a few polymorphonuclear cells in the neighbor- 
ing tissues, and a few Guarnieri bodies. No intranuclear or cytoplasmic inclusion bodies of 
the my.xoma type were seen. 

When rabbit DR8-2 was killed 5 days after its papillomas had been injected with the mix- 
ture of viruses, a marked inflammatory areola outlined the superinfectcd lesions and degener- 
ative changes were apparent in the lesions that had received the 10* and 10^ dilutions. Micro- 
scopic examination revealed marked changes in the subcutaneous rissues, where edema, 
dilatation of the blood vessels with some extravasation, polymorphonuclear infiltration, and 
areas of necrosis were present. The epithelial cells of the overlying epidermis were under- 
going degenerative changes and a few contained typical type A intranuclear inclusion bodies 
such as are formed by B virus. 

The greatly heightened tissue response of both hosts, and the demonstration 
of intranuclear inclusion bodies of t3rpe A in the papilloma cells of one rabbit 
and cytoplasmic inclusion bodies of vaccinia virus in the cells of the other rabbit, 
made it clear that the three viruses employed were active. In no instance, 
however, were inclusion bodies of both types present in a single cell, or even in 
sections taken from a single papilloma. 

SuperinfecHon of the Cells of the Virus Papilloma of Rabbits with Virus 
HI in an Effort to Establish Histological Evidence of Its Long 

Persistence 

Although we had been unsuccessful in demonstrating intracellular evidence 
for the parasitization of papilloma cells by virus III, its known affinity for the 
epithelial cells of the Brown-Pearce epithelioma (21) made it seem probable that 
a similar relationship could be shown for virus HI and the cells of the virus 
papilloma. Accordingly, a ninth experiment was designed to find out whether 
virus UI would parasitize the cells of the virus papilloma and thereafter main- 
tain its association with them. 

Experiment 9. SuperinfecHon of Papillomas viilh VjVkx III . — ^Papillomas from 83 to 175 
days old on each of five rabbits (DR9-1, DR9-2, DR9-3, DR9-4, and DR9-S) were infiltrated 
with virus III and biopsied for microscopic study 6, 8, 20, 84, ’and 120 days later. Microscop- 
ically, no evidence for the presence of virus III was observed. 

The results of the ninth experiment gave no evidence that virus HI had super- 
infected the epithelial cells of the vu'us papilloma when histological sections 
taken at intervals over a period of 4 months were studied. 

Tropism of Myxoma Virus for Epithelial Cells in Preexisting Papillomas 

After we had established that the direct introduction of viruses into papil- 
lomas on domestic and cottontail rabbits can result in intracellular evidence of 
superinfection of single papilloma cells, it became desirable to determine 
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whether the actively growing epithelial cells of these tumors would exert a 
tropic effect on an extraneous virus when it was introduced into the normal skin 
at a site distantly removed from the papilloma. Accordingly, a tenth experi- 
ment was undertaken, employing myxoma virus as the extraneous agent. 

Expcrinteni 10. The Injection of Papilloma Cells by IiUroducing Myxoma Virus at a Site Re- 
mosedfrom the Tumor.— Four rabbits carrying actively growing papillomas were infected with 
inysoma virus, two by introducing intracutaneousiy 0.25 ml. of a 10* dilution of myxomatous 
tissue suspension at a site distantly removed from the papillomas, and the other tw'o animals 
by placing them in a cage with a case of infectious myxomatosis. 

Both rabbit DRlO-1 with 23lKlay-old papillomas and rabbit DRlO-2 with 10-day-oId 
papillomas died of infectious myxomatosis 10 days after the virus had been injected intra- 
cutaneousiy. Portions of the test papillomas were removed for study. Microscopically, 
almost every cell of the basal layers had been superinfected by myxoma virus, as shown by the 
presence of cytoplasmic inclusion bodies characteristic of myxoma infections. 

Rabbit DRlO-3 had 30Kiay-old papillomas when it contracted rapidly fulminating in- 
fectious myxomatosis as result of accidental infection. Microscopically, most of the epithelial 
cells contained the tj'pical cytoplasmic induaon bodies of myxoma. 

Rabbit DRUM carried 35-day-old papUlomas when it contracted infectious myxomatosis 
by contact with its cage mate, DRlO-3. Its general course and the microscopic findings were 
essentially the same as described for DRlO-3. 

The results of the tenth e-xperiment constituted good evidence for the tropism 
of the epithelial cells of actively growing rabbit papillomas for myxoma virus- 
It -was found that histological sections prepared from lesions on each rabbit 
showed numerous cytoplasmic mclusion bodies in almost all the epithelial cells 
of the basal layers. 

Virus Superinfection of the Cells of an Epidertnoid Carcinoma Derived 
from a Virus Papillotna 

The successful demonstration of the ability of extraneous viruses to superin- 
fect epithelial cells of the rabbit papilloma led us to determine whether cells 
representing a terminal phase of the papilloma-to-carcinoma sequence, cells 
of an epidermoid carcinoma, could be parasitized by an experimentally intro- 
duced extraneous virus, E virus, and, if so, to learn whether histopathological 
evidence of B virus infection would be present in the cells of metastatic lesions 
in lymph nodes and lungs. Accordingly, an eleventh e.xperiment was carried 
out. 

Bxperitnent 11. Superinfection iciih B Rir«r.— Rabbit DRll-I, which carried aa epider- 
moid cardnoma with metastases to the lymph nodes and lungs, was used. The primary 
carcinomatous lesions were infiltrated with a B virus suspension through a needle in the usual 
way. IVhen the animal died of encephalomyelitis 7 days later, portions.of the primary and 
metastatic imrcinomatous lesions were removed for study. Microscopic exaim'naUon con- 
firmed the diagnosis of epidermoid carcinoma (Fig. 11), and revealed type A intranuclear in- 
clusion bodies in the cancer cells (Figs. 12, 13, and 14). Moreover, many of these cells had 
undergone amitodc nuclear division from stimulation by B virus, which resulted in from 2 to 
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8 inclusion bodies within single cells (Fig. 14). Microscopic study of the metastatic lesions 
in lymph nodes and lungs, however, gave no evidence for infection by B virus. 

The results of Experiment 11 made it clear that the epithelial cells of an 
epidermoid carcinoma (representing a final phase of the virus papilloma-to- 
carcinoma sequence) can be readily infected by an extraneous virus, B virus. 

DISCUSSION 

The experiments described herein were undertaken to learn whether a virus- 
induced tumor, the rabbit papilloma (Shope), and single cells thereof, could be 
superinfected by one or more extraneous viruses. 

Our criteria for parasitization included the histopathological finding of 
specific inclusion bodies, the recovery of each virus by suitable animal passage, 
and the identification of each virus by suitable immunological procedures. 
Although these criteria could not be rigidly fulfilled in every case, we believe 
the evidence presented is adequate to establish the fact that papillomas, and 
single cells integrant to these tumors, were experimentally parasitized by one 
virus in some of the experiments and by two viruses in other experiments. A 
similar study of control tumors from the same animals, on the other hand, gave 
no evidence for the presence of an extraneous virus. Furthermore, since the 
cells of the rabbit papilloma presumably contain the specific virus responsible 
for this growth, our experiments seem to indicate that the cells of these growths 
can support coexistent parasitization by three different viruses. 

Though the results of the present experiments strongly suggest, they do not 
prove that a single cell was parasitized by three viruses. Even though cyto- 
plasmic and intranuclear inclusion bodies characteristic of the viruses used for 
super infection seem to be in the same cell, it is possible in a stratified epithelial 
structure such as the rabbit papilloma that immediately adjacent cells overlying 
each other appear as a single cell — make it appear that two inclusion bodies, 
one cytoplasmic and the other intranuclear, are in a single cell whereas in reality 
each is contained within a different cell.^ 

Intracellular changes have been observed in papilloma cells which suggest 
natural superinfection of papillomas by viruses. Rous, Beard, and Kidd, 
(30) reported the presence of intranuclear inclusion bodies, both types A and B, 
in virus-induced rabbit papillomas which showed gross histopathological differ- 
ences from the papillomas usually seen. Their attempts to transmit the agent 

* In an attempt to obviate the possibility of erroneously concluding that multiple virus in- 
fection of a single cell had occurred because of observing inclusion bodies in cells overlying one 
another, we undertook further studies in which normal epithelial cells of the cornea were para- 
sitized by several viruses. The results of this second investigation (9) satisfactorily sub- 
stantiate the hndings of the present investigation that single cells can be paraatized by several 
viruses at the same time. 
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supposedly responsible for the type B inclusion bodies were without success. 
We (8) too, have noted type B intranuclear inclusion bodies in the cells of cer- 
tain papillomas; our efforts to evaluate their significance have been unsuccess- 
ful. As an e-xplanation for our failure to demonstrate an extraneous virus, it 
occurred to us that the remarkable difficulty associated with the demonstra- 
tion of papilloma virus in papillomas on domestic rabbits was not peculiar to 
the agent, but might ako apply to extraneous viruses. It is possible, of course, 
that the tj'pe B inclusion bodies, which are so irregularly present, are non- 
specific in nature. This e.xplanation seems most probable in view of the ease 
with which we have found that papillomas can be experimentally superinfected. 

The present findings show that virus tumors, per se, are vulnerable to fur- 
ther attacks by extraneous viruses, obviously a matter of importance in the 
virus-tumor problem. It must be emphasized that the recovery of a xarus 
from a tumor, or the presence in a tumor of histopathological changes secondary 
to virus acti\-ity, cannot be accepted as evidence of a specific etiological agent. 
Thus, we may consider virus tumors to be similar to non-virus tumors in their 
receptivity to parasitization by extraneous viruses. The extent to which this 
relationship can go is illustrated by the natural parasitization of the Erown- 
Pearce epithelioma by \irus HI (21). 

It is clear that the cells of tumors can be easily infected under both natural 
and experimental conditions by viruses of no direct etiological significance. 
Moreover, these viruses can apparently be carried indefinitely by the tumor 
cells. It is obvious, therefore, that cognizance of this fact is essential to the 
investigation of any non-virus tumor, particularly since the presence of a 
idrus in a tumor can mask the characteristic clinical and histological picture. 

CONCLUSIONS 

1. The potentialities that viruses have for the superinfection of virus tumors 
have not been recognized nor has the fact that a single cell can harbor more 
than one virus. 

2. Rabbit papillomas, induced by the papilloma virus (Shope), were super- 
infected by B virus, myxoma virus, vaccinia virus, and probably, virus TTT . 
Similar attempts at superinfection by herpes virus were without success.' 
The criteria for parasitization included the histopathological finding of specific 
mclusion bodies, the recovery of each virus by suitable animal passage, and the 
immunological identification of each virus. 

3. PapiUomas and probably the individual cells thereof were readfiy infected 
simultaneously by two viruses when the combination of B virus and myxoma 
virus was used. 

4. Cells of the Shope papiUoma have a selective affinity for certain e.xtraneous 
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viruses introduced at a site distant from the tumor growths. It was found that 
exceptionally few cells in the basal layers of the epidermis escaped when 
myxoma virus was used as the superinfecting agent. 

5. The cells of an epidermoid carcinoma which terminated the rabbit papil- 
loma-to-carcinoma sequence were readily infected by B virus with resultant 
multiple intranuclear inclusion bodies in single cells. 

6. Attempts to establish a prolonged superinfection of cells of the Shope 
papilloma by virus III were unsuccessful. This rabbit tumor differs therein 
from the Brown-Pearce tumor, an epithelioma of rabbits, in its susceptibility 
to infection with virus III. 
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VIRUS SUPERINRECTION OR PAPILLOMA CELLS 


EXPLANATION OF PLATES 

The photographs were made by Mr. Menvyn C. Orser 

Plate 12 

Superinjeclim of the Rabbit Papilloma by a Single Extraneous Virus {Table I) 

Fig. 1. Section of a papilloma from rabbit DRl-1 removed 6 days after infiltration 
with B virus suspension. Multiple type A intranuclear inclusion bodies are present 
in cells that have undergone amitotic nuclear division. Giemsa’s stain. X 1500. 

Fig. 2. Section of a papilloma from rabbit CR2-1 removed 5 days after infiltration 
with vaccinia virus supension. Cytoplasmic inclusion bodies (Guarnicri bodies) 
are present in most of the cells (arrow). Hematoxylin and eosin. X 640. 

Fig. 3. Section of a papilloma from rabbit DR2-2 removed 5 days after infiltration 
with vaccinia virus supension. Many cells contain Guarnieri bodies (arrow). 
Giemsa’s stain. X 1500. 

Fig. 4. Section of a papilloma from DR5-2 removed 5 days after infiltration with 
myxoma virus and B virus. Most of the cells show cytoplasmic inclusion bodies 
produced by the my.xoma virus (arrow). Giemsa’s stain. X 1500. 



(Syvcrton and Berrj" Virus superiruection of papilloma cells) 







Plate 13 

Superiiifcclioii of the Rabbi! Papilloiiia by Tioo Exira neons ]'irnscs (Tabic II) 

Figs. 5 and 6. Sections of paiiillonias removed fro.m rabbits li)R5-I and DR.v3, 
respectively, 5 days after infiltration with a mixture of myxoma virus and B virus. 
.‘Vcidoiihilic intranuclear and cytoplasmic inclusion bodies are present in single cells 
(arrow). Cdemsa’s stain. X 1460. 

Figs. 7 and S. Sections of a [lapilloma removed from rabbit DR-a six days after 
infiltration with a mixture of myxoma virus and B virus. Nearly’ every eiiithelial 
cell contains cytoplasmic inclusion bodies. Underlying the paiiilloma the my.xoma- 
tous tissue (Fig. 7) shows many fibroblastic stellatecells containing type Aintranuclcar 
inclusion bodies. single stellate cell with two intranuclear inclusion bodies is shown 
in Fig. 8. Giemsa’s stain. Fig. 7, X 210; Fig. 8, X 1460. 

Fig. 0. Section of papilloma removed from rabbit DR6-1 four days after infiltra- 
tion with a suspension of virus III and vaccinia virus, .\cidophilic intranuclear in- 
clusions and Guarnieri bodies in the cytoplasm are present in single cells (arrows). 
Giemsa’s stain. X 1460. 

Fig. 10. Section of a papilloma removed from rabbit DR7-1 five days after infiltra- 
tion with a mixture of B virus and vaccinia virus. Both intranuclear inclusion bodies 
and Guarnieri bodies are present in cells, but in no instance are both an intranuclear 
inclusion hotly and a cytoplasmic inclusion body surely [jresent within a single cell. 
Giemsa’s stain. X 1460. 







Plate 14 

Superiiifcclion by an Exlrancous Virus of an Epidermoid Carcinoma Thai 
Fflllozocd a I'irns Papilloma 

Figs. 11 and 12. Section of the primary carcinoma removed from rabbit DRll-1. 
Fig. 1 1 shows the cellular morphology of a portion of the cancer where there is no evi- 
dence of B virus infection and Fig. 12 shows hypertrophied cells most of which con- 
tain one or more intranuclear inclusion bodies. Hemato.vylin and eosin. X 210. 

Figs. 13 and 14. Cells from the section shown in Fig. 12 when viewed at a higher 
magnification. It can be seen that from one to eight intranuclear inclusion bodies 
are contained within a single nucleus. Giemsa’s stain. X 1500. 
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MULTIPLE VIRUS INFECTION OF SINGLE HOST CELLS* 
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(From the Department of Bacteriology, The University of Rochester School of 
Medicine and Dentistry, Rochester, New York) 
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(Received for publication, ilarch 19, 1947) 

In considering the intracellular parasitism that characterizes the host-virus 
relationship, it has often been tacitly assumed that the parasitization of an 
individual host cell is limited to infection by a single virus. In contradiction 
to this belief, however, we have reported experiments (1) in which the cells 
of a virus-induced tumor, Shope’s rabbit papiUoma (2), and of a carci- 
noma of the sort that frequently succeeds the benign growths (3, 4), were 
superinfected by other viruses — ^“superinfected” in the case of the papilloma 
because its ceUs contained the causative virus. These same studies, further- 
more, included certain instances in which the simultaneous introduction of 
two viruses for the purpose of inducing superinfection was followed by evi- 
dence of the simultaneous activity of both of the viruses within individual 
cells. This evidence was the presence of two diagnostically significant in- 
clusion bodies, the one cytoplasmic, the other intranuclear, within a single 
cell. In making our first report, we recognized that the histopathological 
examination of a stratified epithelial structure, such as the rabbit papiUoma, 
involved the likelihood of error — of the mistaken interpretation that two 
overlying cells constituted a single ceU. If such an error were made, the 
conclusion might be reached that the two inclusion bodies, cytoplasmic and 
intranuclear, were present in a single ceU, when one of the inclusion bodies 
might actually be in one host ceU and the other inclusion body in an over- 
lying cell. It was for the purpose of eliminating, as far as possible, this oppor- 
tunity for error that the present investigation was undertaken. The results 
of these experiments (5), which wiU now be described in detail, give evidence 
that an individual host cell can be simultaneously parasitized by more than 
one virus and amply co nfir m our earlier findings. 

Materials and Methods 

The five viruses etnplojed in the present investigatioiis were vaccinia, myxoma virus, 
B virus, herpes virus, and virus HI. The strains of virus employed, and the method for the 
preparation of the virus suspensions have already been described in detail (1 c). 

Normal host cells for experimental infection were provided by using rabbit’s cornea, skin, 
or testicle. Of the eleven rabbits employed, nine were domestic stock rabbits {Oryctclagas) 

* This in%estigation was aided by a grant from The Jane Cofian Childs Memorial Fund 
for Medical Research, 
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and two were cottontails (_Sylvilagiu:). The technique employed for the infection of comeal 
cells was to scarify both corneas by cross-hatching with a cataract knife, instill 0.2 ml. of 
virus mixture into the conjuctival sac of the right eye, and gently massage the cornea ■with tho 
overl 3 dng lid. The scarified cornea of the left eye served as the control. The attempted 
infection of the cells of the skin and testicle was effected by infiltrative inoculation, as previ- 
ously described (1 c). 

Tissues for histopathological study were removed immediately after the rabbits had been 
killed by chloroform anesthesia. Representative blocks were fixed in Zenker’s (5 per cent 
acetic acid) fixative fluid, and embedded in paraflin. The sections were stained with hema- 
toxylin and eosin as routine, and according to Giemsa’s method. Exceptionally, these stains 
were supplemented by phlo.xin-methylene blue and eosin-methylene blue. 

EXPERIMENTAL 

In an attempt to establish the infection of a single host cell by more than 
one virus, five experiments were undertaken. Each was based on the use of 
a different combination of viruses. The viruses in combination were selected 
so that one virus would give rise to inclusion bodies in the nucleus, and the 
other virus to inclusion bodies in the cytoplasm. Examples of such com- 
bmations are herpes virus and vaccine virus; B virus and myxoma virus. 

Shniiltaneoiis Infection of the Normal Cornea with Vaccinia and B Viruses 

Mixtures of vaccinia virus and B virus, after being prepared as indicated 
in the individual protocols, were used for Experiments 1 and 2. 

Experiment 1 . — ^Three domestic rabbits were used. The mixture of viruses utilized for 
instillation into the right conjunctival sac of each rabbit consisted of a 10 per cent suspension 
of virus-containing tissues. This mixture 'was prepared by combining 1 part of tissue con- 
taining vaccinia virus with 2 parts of tissue containing B virus. The vaccinia virus was 
derived from chorio-allantoic membranes of chicks. The B virus was obtained from the brain 
and cord of a moribund rabbit. 

Two of the rabbits were killed 48 hours after inoculation. At that time keratitis was 
present in the right corneas of both rabbits. The left corneas show’ed negligible evidence of 
reaction along the lines of scarification. 

Rabbit A; Examination of the sections revealed many Guarnieri bodies as evidence of 
vaccinia virus infection and many intranuclear inclusion bodies of type A as evidence of B virus 
infection. Both types of inclusion bodies were present in neighboring cells as well as in 
individual cells (Fig. 1). 

Rabbit B: .iVlthough tliere were abundant inclusion bodies, both cytoplasmic and intra- 
nuclear, in different cells, in no instance could both a cytoplasmic and intranuclear inclusion 
body be demonstrated in the same cell. 

Rabbit C; This rabbit was killed 72 hours after inoculation. E.xamination of the sections 
revealed extensive necrosis of the cornea and abundant evidence of specific virus activity in 
many of the remaining epitheh'al cells. Numerous cytoplasmic and intranuclear inclusion 
bodies were present. One area proved to be particularly worthy of careful study, for it 
revealed two cells separated from all the adjacent cells (Fig. 2). Within each of these cells a 
Guarnieri body and an intranuclear inclusion body of type A were found. Serial sections 
conclusively established the singleness of the cells in question and served further to rule out 
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the possibility of artefacts. These points were definitely established by photomicrographs 
taken ir> four optical planes in black and white (Fig. 3) and at three optical planes in color 
(Fig. 5). 

Experiment 2 . — One domestic rabbit, rabbit D, was used. The procedure followed that 
outlined above, except that the inoculum was composed of equal parts of a 10 per cent brain- 
cord suspension of B virus and vaednia virus elementary bodies. 

Study of the sections revealed many cells with either intranuclear (Fig. 6 a) or cytoplasmic 
(Fig. 6 6) incluaon bodies, but none in which both types of inclusion bodies were present. 

From the findings described above, it is evident that the inunction of two 
viruses among normal comeal cells is followed by both single and multiple 
virus infections of individual cells. Thus, following infection by a mixture 
of vaccinia and B viruses, multiple virus infections of single cells were dis- 
covered in two of four rabbits, while all four rabbits yielded evidence of single 
virus infections of cells by one or the other of the two viruses employed. 

Simultaneous Infection of the Normal Conua with Vaccinia and Herpes Viruses 

In order to confirm and extend the findings which had been obtained in the 
first experiment, herpes v-irus was substituted for the more necrotizing B 
virus in Experiment 3. 

Experiment 3 . — Three domestic rabbits were used. The mixture of viruses consisted of 
equal parts of a 1 per cent testicular suspension containing vaccinia virus, and a 10 per cent 
brain suspenaon contiuning herpes virus. 

Rabbit E: This rabbit was killed 4S hours after inoculation. At that time an early but 
definite keratitis in the right eye was evident, whereas the linear scratches on the left cornea 
presented but a negligible inflammatory reaction. 

Bistopalhological examination showed increased stratification of the epithelium along each 
line of scarification and an infiltration of mononuclear and polymorphonuclear cells. No 
evidence for specific virus infection was discovered. 

Rabbit F: This rabbit was hilled 48 hours after inoculation. The findings were essentially 
the same as for rabbit A, except that examination revealed numerous Guamieri bodies. No 
evidence for specific infection by herpes virus was found. 

Rabbit G: This rabbit, killed 72 hours after inoculation: showed an extensive keratitis 
m the right eye, but no visible reaction in the left cornea. Serial sections were prepared from 
the right cornea. Examination of these sections revealed extensive epithelial proliferation 
at the atte of scarification, cellular infiltration, and, at one site, vesicle formation. Numerous 
Guamieri bodies and a few intranuclear inclusions were seen. The two types of inclusion 
bodies occurred as separate groups at different sites along the lines of scarification except in 
a single place where both types were present in adjacent cells and in the s-imf. cell (Fig. 4). 

The results of Experiment 3 showed that vaccinia virus and herpes virus 
in combination can simultaneously infect a single cell, for in one of the three 
host animals both an intranuclear inclusion body and a cytoplasmic inclusion 
body were present within a single cell. 
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Simultaneous Infection of the Skin and Testicle with Viriis III and Vaccinia 

Virus 

Experiment 4 was planned to determine whetlier cells other than those of 
the anterior cornea would lend themselves to simultaneous infection by several 
viruses. Normal rabbit skin and testicle were used to provide host cells for 
the inoculation of two viruseSj — viims III and vaccinia virus. Virus III, the 
pathogenicity of which had been enhanced by repeated testicular passage 
immediately before use, was selected as the virus to bring about the formation 
of intranuclear inclusion bodies, and vaccinia virus, which had been success-, 
fully used on previous occasions, was again utilized in an attempt^ to produce 
readily recognizable cytoplasmic inclusion bodies. 

Experimenl 4 . — ^Two male domestic rabbits, rabbits H and I, were used. The virus mixture 
consisted of a 1 per cent testicular suspension containing vaccinia virus mixed with equal parts 
of a 10 per cent testicular suspension containing virus III. Each of four successive decimal 
dilutions (10‘ through 10‘) of this mixture was used in 0.2 ml. amounts for endermic inoculation 
at four sites and for the injection of the four testicles of the two rabbits, 0.25 ml. being injected 
into each testicle. 

When killed 4 days after inoculation, both rabbits showed definite inflammatory reactions 
at each site of injection. Of the eight skin sites injected, die histopathological findings of 
interest were confined to a single lesion which is the only one that will be considered here. 
This lesion resulted from tlie injection of the 10* dilution. It showed a few cells which con- 
tained Guarnieri bodies. These cells were surrounded by areas of necrosis, but there was 
little evidence of cellular infiltration. The testicles revealed numerous necrotic areas inter- 
spersed among apparently normal tissues. These areas were attributed to the cilccts of 
infection by vaccinia virus. Sections prepared from the testicles that had received the 
10*, 10’, and 10* dilutions of the virus mixture revealed intranuclear inclusion bodies of type A 
in the interstitial cells, a reaction characteristic of virus III infection. 

No evidence of simultaneous Infection of a single cell by both viruses was found. 

Our failure to demonstrate multiple virus infection of single cells in this 
experiment might conceivably, be attributed to the use of cells less suitable 
to the development of inclusion bodies than those of the cornea, or, and this 
seems more probable, the necrotizing activity of the vaccinia virus may have 
prevented, or at least masked, the intracellular reaction characteristic of 
virus III infection. 

Simultaneous Infection of Tissues Immune to Myxoma Virus by Three Viruses: 

Myxoma Virus, B Virus, and Vaccinia Virus 

Experiment 5 was planned in a further attempt to demonstrate multiple virus 
infection of cells other than those of the cornea, the rabbit papilloma, and the 
developing chick embryo (6). Cottontail rabbits were utilized which had 
been rendered hyperimmune to myxoma virus by repeated reinoculation with 
large amounts of it. Three viruses were introduced simultaneously: myxoma 
virus, to bring about an immediate and heightened local response, and vac- 
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rinia. and B viiuses, capable of producing, when together, both cytop l as mi c 
and intranuclear inclusions within single cells. The following experiment 
was carried out. 

Experiment 5. — Ten per cent suspensions of myxoma, B, and vaednia viruses were prepared 
and mixed in equal parts. Portions of the resulting mixture, undiluted and diluted 1 to 10, 
■were used in 0.5 ml. amounts for the infiltration of a skin site and of one testicle on each of 
two cottontails known to be hyperimmime to myxoma virus. 

Rabbit J: This rabbit was killed 4 days after inoculation. The cutaneous sites of inocu- 
lation showed a marked inflammatory reaction with central necrosis and surrounding edema. 
The testicles, which were twice the normal size, were also markedly inflamed and necrotic. 
Examination of sections revealed that all evidence of specific virus activity was Inmted to 
the cutaneous area that had received the 10 per cent dilution. In this area, intranuclear 
inclusion bodies of type A and Guamieri bodies were seen, thus establ ishin g the presence of 
both B and vaccinia viruses. In no single cell, however, were both cytoplasmic and intra- 
nuclear inclusion bodies noted. All the sections of testicular tissue revealed an extensive 
necrotizing inflammatory reaction, but no evidence for specific virus activity. Moreover, 
in no instance were inclusions of the type which often accompany infection by myxoma virus 
found. 

Rabbit K: This rabbit, which was killed 5 days after inoculation, showed a much more 
extensive inflammatory reaction than rabbit J. This was evidenced by generalized poly- 
morphonuclear invasion and abscess formation. There was a complete absence of inclusion 
bodies suggestive of virus activity. 

It is not surprising that detectable inclusion bodies were not present fol- 
lowing the simultaneous introduction of the three -viruses, viz. myxoma, B, 
and vaccinia -viruses, when the extensive necrosis which occurred at the sites 
of injection is taken into consideration. The usual necrobiotic effects of B 
and vaccinia viruses undoubtedly were so exaggerated by the accelerated and 
heightened response of the hyperimmune tissues to reinjection with myxoma 
■virus that any inclusion bodies were obscured or destroyed. Moreover, the 
tissues infected in this experiment were the same as in the preceding experi- 
ment in which we also failed to demonstrate multiple virus infection of in- 
dividual cells. 


DISCUSSION 

The present observations establish the fact that a single epithelial cell can 
be simultaneously infected by two -viruses. The e-vidence is found in the 
repeated demonstration that the epithelial cells of the rabbit’s cornea can 
respond to two -viruses (of which one has the capacity of forming inclusion 
bodies within the nucleus, the other of producing them within the cytoplasm) 
by the formation of both intranuclear and cytoplasmic inclusion bodies within 
individual cells. 

Anderson (6), moreover, by utilizing different combinations of -viruses 
corroborated our earlier findings (1, 5) and procured results similar to those 
reported in the present paper. She established cytological evidence for the 
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dual parasitization of single chick embryo cells by two viruses that yield 
distinctively different inclusion bodies. The combinations of viruses used 
were fowl pox and laryngotracheitis, fowl pox and herpes simplex, herpes 
simplex and vaccinia, and herpes simplex and rabies. It is of interest that 
experiments involving the combination of fowl pox and vaccinia, two viruses 
that result in cytcpiasraic inclusion bodies, were unsuccessful. 

From the findings set forth, it is plain that the results of the present in- 
vestigations substantiate our previous studies (1). The observations made 
in the earlier work led us to conclude that coexistent virus infections had been 
produced in the cells of a virus-induced tumor, Shope’s rabbit papilloma. 
This conclusion was based on e.xperimental evidence that the inoculation of a 
mixture of two viruses into a papilloma had resulted in the presence within 
single cells of two sorts of inclusion bodies, cytoplasmic and intranuclear, 
characteristic of the viruses respectively. Since all of the cells of an actively 
growing papilloma presumably contain papilloma virus, the presence of these 
inclusions would seem to indicate the coexistence of three viruses within an 
individual cell. 

As previously stated it has been often assumed that a single cell can be in- 
fected by but a single virus. This assumption has been based on the intimate 
t>'pe of parasitism that characterizes viruses — on the belief that the presence of 
one virus within a cell would so alter the characteristics of that cell that another 
virus could not be active there at the same time. This belief is no longer ten- 
able, at least for some of the viruses with which Anderson (6) and ourselves have 
worked. The question remains valid, nevertheless, as concerns the viruses 
that have been implicated in the phenomenon known variously as “sparing 
effect,” “interference,” or “cell blockade,” a situation in w'hich one strain of a 
virus modifies or prevents infection by a second, usually more pathogenic, 
strain. Some workers have assumed that the “interfering” virus exerts an 
“antagonistic” effect on the other virus, thereby protecting the host cell against 
the more serious infection. This hypothesis first found support from e.xperi- 
mental studies with plant viruses. These investigations (7-9) suggested that 
closely related strains of a single virus could not simultaneously occupy the same 
plant tissue. Since this antagonism did not concern immunologically distinct 
viruses, the phenomenon might represent a rapidly acquired specific resistance 
induced by related strains of virus, resulting in an infection with modified or 
slight manifestations. Moreover, the demonstration of one virus in the 
presence of resistance to a second, more pathogenic but related, virus does not 
necessarily mean that all of the cells are occupied by the first virus to the e.x- 
clusion of the second. It is equally possible, perhaps probable, that a carrier 
state may coexist with a state of acquired immunity. This explanation might 
apply where the “interference” phenomenon has been observed in infections 
with animal viruses (10-19). In four instances involving different viruses (12, 
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13, 15, 19), however, the manifestations of an otherwise serious virus disease 
were obscured after two apparently unrelated viruses had been inoculated 
within a few horns. 

Many hypotheses have been advanced to explain the intimate type of 
parasitism characteristic of so many virus infections, to account for the sharply 
defined host specificity and tissue affinity so frequently observed, and to make 
imderstandable the mechanisms whereby a virus can multiply within its host 
cell. These hypotheses have been commonly predicated on the “Jock and key” 
concept that the virus “fits” into the enryme ^sterns of the host cell, pervert- 
ing the cell’s metabolism, such perversion resulting in the various manifestations 
of deranged cellular activity and cellular destruction characteristic of most 
virus infections. It is reasonable to suppose that when two or more viruses 
simultaneously e.xhibit their characteristic activities within a single cell, they 
“fit" into the intracellular mechanisms at different “points;” whereas when they 
compete for the same “point,” the “blockade” or “interference” phenomenon 
is observed. Many analogies from the fields of enzymology, pharmacology; 
and immunology come immediately to mind. One may perhaps hopefully ex- 
pect that further study of multiple virus infections of single cells will help in 
eluddating not only the phenomenon of “interference,” but also the nature of 
intracellular virus activity. 


StJMMAEY 

Evidence is presented to show that two or more viruses can simultaneously 
manifest their characteristic activities within individual epithelial cells of the 
normal rabbit’s cornea. This evidence, together with that previously pre- 
sented (1, 5, 6), makes plain that multiple virus infection of a single host cell 
can take place in comeal cells, in the cells of chick embryos, and in those of 
rabbit tiunors, both benign (Shope’s papilloma) and malignant. 

Certain implications of the findings are discussed. 
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EXPLANATION OF PLATES 
Plate IS 

The photographs were made by Mr. Merwyn C. Orser from sections stained by 
Giemsa’s method. 

Fig. 1. Portion of a section of cornea from rabbit A originally inoculated with a 
mixture of vaccinia virus and B virus in suspension. The cell designated by the 
arrow shows clearly the presence of a type A intranuclear inclusion body of B virus 
infection and a cytoplasmic inclusion body of vaccinia virus infection. X 1500. 

. Figs. 2 and 3. Section of cornea from rabbit C which was killed 72 hours after 
a mixture of vaccinia virus and B virus was inoculated into the scarified cornea. 
Two cells well separated from all adjacent cells are shown. Within each of these 
cells will be seen a Guamieri body and a type A intranuclear inclusion body. By 
using an oil immersion lens and focusing at four successive levels, four photographs 
were taken (a, b, c, and d of Fig. 3), which show unequivocally the singleness of each 
ceU and the presence within each cell of both a cytoplasmic inclusion body and an 
intranuclear inclusion body. Fig. 2, X 1500; Fig. 3, X 1250. 

Fig. 4. Section of cornea from rabbit G which was killed 72 hours after inoculation 
with a mixture of vaccinia virus and herpes virus. A Guamieri body and a type A 
intranuclear inclusion body within a single cell are indicated by arrows. X ISOO. 
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These prints were made by Mr. Adrian Ter Louwand Mr. Charles Brownell who em- 
ployed a modification of the Kodak wash-off relief process for separation negatives 
that were e.\:posed directly, from sections stained by Giemsa’s method. 

Fig. 5. The two cells depicted in Fig. 3 are shown in color. The three photographs 
were made by using an oil immersion lens and focusing at three successive levels. 
X 1500. Fig. 5 a shows the type A intranuclear inclusion bodies in sharp focus; 
Fig. 5 b, an intranuclear inclusion and a c 3 'toplasmic inclusion body in each cell but 
none of the inclusion bodies in sharp focus; Fig. 5 c, the granular cytoplasmic inclusion 
bodies are in sharp focus. 

Fig. 6. Sections of cornea from rabbit D which was killed 72 hours after inoculation 
to show in color type A intranuclear inclusion bodies (Fig. 6 a) and cytoplasmic 
inclusion bodies (Fig. 6 b). X 600. 







the influence of injections of homologous hemoglobin 

ON THE KIDNEYS OF NORMAL AND 
DEHYDRATED ANIMALS 

By JOSEPH J. LAUGH, MD. 

(From th Defarlmcnt of Pathology, Unkersity of Wisamsift 
Medical School, Madison) 

Plate 17 

(Received for publicatioo, April 11, 1947) 

The importance of intravascular hemolysis following mismatched trans- 
fusions of whole blood is generally appreciated. The probability of intravas- 
cular hemolysis has been greatly enhanced with the accentuated employment 
of whole blood in the treatment of patients. Luck^ who quotes Mallory and 
Angevine and Harman, states that the incidence of lower nephron nephrosis in 
battle casualties is 15.2 to 18.6 per cent (1). Although hemoglobin was sus- 
pected to be a causative factor in many of these cases, attempts to produce 
experimental nephrosis with hemoglobin have resulted in une.xplained diffi- 
culties. 

Yorke and Nauss were the first to report suppression of urine following intravenous 
injections of hemoglobin into rabbits (2). Baker and Dodds confirmed this and 
ascribed the precipitation of the hemoglobin in the tubules to an acid urine (3). 
DeGowin, Warner, and Randall mjected homologous hemoglobin into dogs and 
reported obstruction of tubules close to Henle’s loop in 6 of 18 of their animals (4). 
These authors attributed the obstruction to an acid urine. While attempting to 
reproduce hemoglobinuric nephrosis in rabbits, DeNavasquez was unable to confirm 
the results of the previous workers (5). Hueper was unable to detect any alteration 
in the kidneys of dogs following injections of hemoglobin (7). Bing found hemo- 
globin inefiective in the production of renal failure in normal and acidotic dogs (6). 
Yuile, Gold, and Hinds were able to produce precipitation of hemoglobin in the tu- 
bules of rabbits, following intravenous injection of hemoglobin, only after previously 
clamping the renal artery or injecting sodium tartrate (8). 

The recent literature therefore indicates that solutions of pure hemoglobin 
can be mjected intravenously into animals with either acid or alkaline urine 
without produdng significant impairment of renal function. Studies (4, 8) 
also suggest that some factor or factors must precede or be associated with the 
hemoglobinemia if renal impairment is to develop. In view of this probability 
it was derided to study the influence of ’injections of homologous hemoglobin 
in nonnal and dehydrated animals. 

Method 

Anir»als.~The a nim - rl s used in this study were Sprague-Dawley rats weighing 71 to 110 
gm., guinea pigs wdghiag 155 to 680 gm., and albino rabbits weighing 1.8 to 3,0 kg. Both 
male and female animals were used. 


153 



154 


HOMOLOGOUS HEMOGLOBIN INJECTIONS AND KIDNEYS 


Freparation of Hemoglobin . — Blood was withdrawn from the heart of several animals and 
pooled in a flask containing sodium citrate (5 mg./ml.). The blood was centrifuged at 2500 
K.p.M. for 1 hour, the plasma withdrawn, and the erythrocytes washed with an equal volume 
of physiologic saline solution. Following the second centrifugation the saline was removed 
and the erythrocytes were laked by the addition of two volumes of recently distilled water. 
The stroma was removed by 45 minutes of centrifugation at 15,000 R.p.ir. and subsequent 
filtration through two thicknesses of Whatman’s No. 40 filter paper at a negative pressure of 
500 to 700 mm. Hg. The hemoglobin concentration was determined in a 1:300 dilution of 
0.1 per cent Na^COj solution with a photoelectric colorimeter. Hemoglobin solutions, never 
older than 2 days, were kept at 4-6'’C. when not in use. 

State of Hydraiion and Method of Injection . — The ruts and guinea pigs were fed and offered 
water up to the time of injection. Hemoglobin solutions containing stroma were injected 
intraperitoneally in single doses into these animals. 

Water was withheld from the rabbits for periods of 1 to 5 days. Stroma-free hemoglobin 
solutions were injected intravenously at one time, or in divided doses on successive days 
toward the end of the dehydration period. Water was then withheld for a period of 18 to 24 
hours after the last injection. Thereafter 200 ml. of water was given daily to 6 rabbits 
(Nos. 1 to 6) for 1 week. One rabbit (No. 7) received 28 ml. daily for 7 days. The last 9 
rabbits (Nos. 8 to 16) received 25 ml./kg. of water for 1 week. After the 14th day the rabbits 
were given food and water at desire. 

Blood Studies . — Heart blood was withdrawn at intervals for non-protein nitrogen determi- 
nations and hematocrit studies. 

Subsequent Obsenaiions . — ^The rabbits were weighed both before and following dehydration 
as well as at the time of necropsy. Animals which did not die following the injections were 
killed from 4 to 40 days thereafter. Autopsies were performed, the tissues fi-^ed in 10 per cent 
formalin, sectioned, and stained with hematoxylin and eosin. 

Results of the Injeclions into Rats and Guinea Pigs 

The rats received hemoglobin suspensions in amounts of 5, 6, and 7 gm./kg. of body weight 
intraperitoneally. Following the injection of 5 gm./kg. one of 11 animals died on the 2nd 
day. After 6 gm.Ag- one of 12 animals died after 24, hours. When 7 gm./kg. were given, 

9 rats died between 12 to 24 hours; 2 died after 24 hours and only one survived. Practically 
all of the animals had hemoglobinuria. Those that died developed cyanosis about the jaws 
and feet. Their abdomens remained distended following the injections, and at autopsy there 
was peritoneal fluid containing hemoglobin. On gross inspection of the organs no significant 
change was noted than cyanosis. Autopsies made on the animals which survived revealed no 
abnormalities. Microscopic examination of the kidneys revealed an occasional cast in only 
2 rats. No casts or tubular changes were observed in sections of the remaining 35 rats. 

The guinea pigs received 1, 2, 3, and 3.5 gm./kg. of hemoglobin intraperitoneally in one 
dose. Six animals which received 1 gm./kg. survived without any ill effects. One of 6 
guinea pigs died after an injection of 2 gm./kg. Following the injection of 3 gm./kg., 3 died 
after 12 to 24 hours; one died on Uie 3rd day from peritonitis, and 2 survived. In a final 
group 3.5 gm./kg. produced death in all of 8 guinea pigs in less than 10 hours. Those which 
died following the injections usually had minjmal traces of hemoglobin in the peritoneal fluid. 
Sections from these 26 animals did not reveal any casts or tubular changes. 

Results of the Injections into Rabbits 

The results obtained with dehydration and intravenous injections of hemo- 
globin into rabbits are tabulated in Table I. It illustrates the influence of de- 
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hydration, on the precipitation of hemoglobin in the tubules. The NPN was 
elevated in 8 of the 14 recorded instances. In 5 the elevation was temporary; 
m 3 rabbits, which subsequently died in uremia, the NPN was in excess of 199 
mg. per cent; m 6 rabbits the NPN remained below 43 mg. per cent. 

TABLE I 


The Influence of Dehydration on the Production of Eemoglobinuric Nephrosis Follcnxing 
Intravenous Injections of Hemoglobin into Rabbits 


Nb. 

Dehy- 

dration 

QuAUiity 
of blood 
removed 
during 
Dehy- 
dration 

Quantity 
of hemo- 
globin 
injected 

Hisheat 

recorded 

NPN 

Interval 

after 

injection 

Total 
weight of 
kidneys 

MIctoscodIc examination 
of kidneys 

Pig- 

ment 

casts 

Dilated 

tubules 

NecroiU 
of tubular 
epithelium 



cd. 

im./it. 

ctiit 

dayx 

rn. 




1 

1 

0 

1.9(1)1 

- 

14 

- 

1+ 

— 

— 

2 

1 

0 

1.3(1)1 

— 

1* 

— 

— 

— 

— 

3 

4 

12 

1.2(5)2t 

61 

29 

17.5 

2+ 

+ 

— 

4 

4 

19 

1. 5(5)2 

67 

6 

17.5 

2+ 

+ 

— 

5 

4 

49 

1.4(4)2 

42 

40 

20.5 

— 

+ 

— 

6 

4 

69 

1.0(3)2 

29 

1* 

15.1 

1-h 

_ 

— 

7 

3 

12 

1.6(4)2 

35 

40 

19.0 

2+ 

4* 

— 

8 

3 

12 

1.5 (6)2 

300-}- 

11* 

26.0 

3+ 

4“ 

•f 

9 

3 

12 

1.6(6)2 

30 

2* 

— 

2+ 

+ 

— 

10 

3 

• 12 

1.6(6)2 

34 

4 

15.2 

1+ 

-1- 

+ 

11 

5 

17 

1. 7(7)3 

63 

15 

22.6 

3-1- 

+ 

— 

12 

5 

38 

1.8(7)3 

200 

14* 

19.2 

3-f 

+ 

+ 

13 

5 

42 

1.7(7)3 

97 

14 

12.8 

2+ 

+ 

+ 

14 

5 

34 

1. 7(7)3 

60 

15 

15.4 

2+ 

+ 

— 

15 

4 

31 

1. 5(8)2 

300 -h 

6* 

36.0 

3+ 

+ 

+ 

16 


.1 ^ 

1. 4(6)2 

42 

14 

14.8 

1-}- 

+ 

— 


1+ = less than one cast per low power field. 

2+ = 1 to 5 casts per low power field. 

3+ = 5 to 15 casts per low power field. 

• = died. 

1 1 . 2 (5)2 = 1.2 gm./kg. injected in five divided doses on 2 successive days. 

Pathological Findings . — 

Kidneys . — When death occurred prior to the 4th day no significant alterations were noted 
in any of the organs. The kidneys appeared congested. After the 4th day in practically 
all a nim als there were minute dark brown flecks 1 to 2 mm. across on the surface of ie kidney. 
The brown pigment accentuated the cortical striations on the cut surface and was princi- 
pally deposited in the cortex of the kidney (Fig. 1.). There were rride variations in the amount 
of pigment, but its localization was uniform. The combined weight of the kidneys in each 
instance exceeded the normal median value of 12.5 gm. reported by Brown, Pearce, and Van 
Allen (9). ’ 

The casts were orange or green yellow in color and therefore easily distinguishable from 
eosin-staining casts, usually considered to consist of albumen. Because the nature 
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of the casts in the tubules remains undetermined, they will be referred to as pigment casta 
Practically all of the pigment casts were localized in the cortical area, principally in the distal 
convoluted tubules. A few casts were also found in Henle's loops and the collecting tubules 
(Fig. 2 and 3). Prior to the 4th day the substance observed in the lumina was reddish yellow 
and of a homogeneous glass-like consistency. In view of the lack of granularity, the pro- 
nounced yellow color, and the absence of associated tubular changes, this substance as oc- 
curring in three animals was not considered to represent formed casts. Excluding these ani- 
mals, however, characteristic pigmented casts were demonstrated in 12 of 13 rabbits from 4 
to 40 days after the injections of hemoglobin. In conjunction with the presence of casts there 
was an associated tubular dilation. In the majority of instances there were focal areas of lymph- 
oid infiltration. In only 5 of 13 kidneys was there minimal necrosb of tubular epithelium. 
Necrosis of the tubular epithelium and lymphoid infiltration appeared to follow rather than 
precede the plugging of tubules by the pigmented dists. 

Eearl . — ^The hearts in some instances showed minimal pericardial hemorrhages incident to 
cardiac puncture. Microscopic e.xamination revealed extensive areas of focal necrosis and 
calcification of myocardial fibers in 2 animals. 

Lung . — ^Three of the animals had an associated pneumonia at the time of death. Micro- 
scopic examination did not reveal any consistent variations from normal. 

Liver . — Gross examination of the liver revealed no significant change. Microscopic 
examination revealed minimal collections of pigment about the central vein in only one 
animal. 

Spleen . — ^The spleen was not enlarged in any instance. Microscopic e.xamination usually 
showed moderate phagocytosis of hemosiderin by macrophages. 

DISCUSSION 

In accordance with previous findings in animals (5, 6), the e.xperiments on 
rats and guinea pigs clearly indicate that in these animals on a suitable diet with 
adequate quantities of water, hemoglobin is readily e.xcreted by the kidneys. 
Only a few casts were demonstrable in 2 of 63 animals after injections of large 
amounts of hemoglobin. Several features become evident in the findings in 
rabbits. Apparently a certain time must elapse before the intratubular hemo- 
globin is precipitated or sufficiently concentrated to occur in casts that are 
demonstrable in tissues by the usual staining methods. Furtliermore a re- 
lationship e.\'ists between the quantity of hemoglobin injected and the state of 
hydration of the animal. Yorke and Nauss (2) observed casts after injecting 
larger doses of hemoglobin (2.5 to 41.0 gm.) over periods of 1 to 5 days. In the 
present study we were able to demonstrate casts in the tubules consistently, 
after injections of relatively small quantities of hemoglobin (1 to 1.9 gm./kg.) 
if the previous intake of water had been restricted. 

It is difficult to maintain rigid control of all the variables m an e.xperiment 
of this type. Following tlie withholding of water some rabbits stopped eating 
immediately, whereas others continued to eat for 2 to 3 days. After identical 
periods of dehydration, quantitative differences were observed in weight loss, 
the volume of urine excreted, and in responses to intravenous injections of 
hemoglobin. Intravenous hemoglobin injections were without any apparent 
immediate effect in most rabbits ; but some became extremely weak and a few 
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died following injections. It seems doubtful that the to.xic manifestations ex- 
hibited by these animals were due to potassium salts; however, such a possibility 
has not been excluded. 

As far as we have been able to determine, consistent reproduction of hemo- 
globinuric nephrosis has not heretofore been accomplished w’ithout a prelimi- 
nary direct trauma to the kidneys. It is now apparent that such a lesion can 
be produced consistentlj' in rabbits when dehydration precedes the intravenous 
injections of hemoglobin. Whether dehydration exerts a direct influence on 
the precipitation of pigment casts or acts indirectly through altered physiologic 
responses, remains to be determined. In view of the present findings it is felt 
that similar studies should be made in other species. Whether the relationship 
of dehydration and hemoglobinemia to the production of hemoglobinuric 
nephrosis is peculiar to the rabbit or exists in other species, particularly man, 
is a problem of large importance. 


siniirAsv 

• 1. Dehydration, if sufficiently prolonged, favors the accumulation of hemo- 
globm or its derivatives in the kidneys of rabbits, prindpaUy casts formed in 
the distal convoluted tubules. 

2. Once pigment casts have been produced in the distal convoluted tubules, 
there is obstruction, with atrophy and dilatation of the tubules proximal to the 
obstruction. 

3. When the involvement is sufficiently extensive, there is elevation of the 
nop-protein nitrogen and some animals die because of renal failure. 
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EXPLANATION OF PLATE 17 

Fig. 1. Hemisection of kidney, rabbit 12. Water was withheld for 5 days and 
then the rabbit was given 1.8 gra./kg. of hemoglobin in seven doses during the last 
3 days. It died in uremia 14 days after the initial injection. Large collections of 
dark broivn pigment are present, localized principally in the cortex, and minimal 
quantities can be seen in the medulla. X3. 

Fig. 2 . Kidney, rabbit 12 . There are pigment casts in the distal convoluted tubules 
and in Henle’s loops. There is an associated tubular dilatation witli flattening of 
epithelial cells. Hematoxylm and eosin stain. XlSO. 

Fig. 3. Kidne}’’, rabbit 12. The granularity of the pigment casts is a typical fea- 
ture, There are, in addition, dislodged epithelial cells filling one of the tubules. 
Hematoxylin and eosin stain. X250, 



(Lalich- Homologous hemoglobin injections and kidneys) 







INFECTION OF MICE WITH MAMMALIAN TUBERCLE 
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{From the Laboratories of The Rockefeller htstilute for Medical Research) 

Plate 18 

CReceived for publication, May 2, 1947) 

Cultures of pathogenic mycobacteria growing rapidly and diffusely in liquid 
media containing serum albumin and a synthetic water-dispersible ester of 
oleic acid are extremely virulent for chick embryos, mice, guinea pigs, and 
rabbits (1, 2). The present paper deals with some of the factors which affect 
the course and outcome of the experimental disease produced in mice by the 
injection of mammalian tubercle bacilli cultivated in this manner. 

Materials and Methods 

CkI/wm.— S everal strains of human and bovine tubercle badlli of various degrees of viru- 
lence were used in the course of the present study. For the sake of brevity, the results will 
be illustrated chiefly with data obtained with two cultures derived from the same strain, 
H37Rv (virulent) and H37Ra (avirulent).* 

^ Medium . — Cultures of mammalian tubercle bacilli growing diffusely in aqueous solution 
and exhibiting a high degree of pathogenicity were obtained in a variety of synthetic media 
to which were added small amounts of the water-dispersible ester of oleic acid (Tween 80)* 
(0.05 to 0.1 per cent) and of bovine serum albumin, fraction V* (0.1 to 0.5 per cent). Most 
experiments were carried out with a medium of the following composition: 


tm. 

KHjPOr 1.0 

Na:HP04-12H,0 6.5 

CaClj 0.0005 

MgSO*-7H,0 0.001 

EnSOi 0.0001 

CuSO, 0.0001 

Ferric ammonium citrate 0.05 

Asparagine 2.0 

Enzymatic digest of casein 2.0 

Tween SO 0.5 

HiO 1000.0 


* These cultures were obtained through the courte^ of Mr. William Steenken, Jr., from the 
National Tuberculosis Association Standard Culture Depot at Trudeau, in the spring of 1946. 

» Tw een SO was generously suppUed by the Atlas Powder Company, Wilmington, Delaware! 

• Bovine plasma fraction V (serum albumin) was obtained from the Armour Laboratories, 
Chicago, Illinois. 
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The medium, adjusted to pH 6.8, was distributed in 5 cc. amounts into Pyre.t test tubes 
(25 mm. diameter) and autoclaved at 17 pounds pressure for 15 minutes. To each tube was 
then added 0.2 cc. of 5 per cent bovine albumin (plasma fraction V) and 0.05 cc. of a 50 per 
cent glucose solution (autoclaved in distilled water). Details concerning the preparation and 
properties of the medium are described elsewhere (3, 4). 

Maintenance of Cultures. — Stock cultures were maintained by inoculating 0.1 cc. of a 
7 day old culture- into 5 cc. of medium, and incubating at 37.5°C. for 7 days. At the end of 
the incubation period, the growth appeared as a dense deposit in the bottom of the tube. 
Gentle agitation gave rise to a fine and fairly stable bacterial suspension which seemed homo- 
geneous on macroscopic e.vamination although microscopic study showed it to consist chiefly 
of small clumps of bacilli. These cultures contained 0.15 to 0.2 mg. of bacilli (dry weight) 
per cc. of medium (corresponding to 10® to 10® organisms). More detailed description of 
their characteristics will be presented in the following publication (5). 

The virulent cultures were frequently passed through mice and reisolated from infected 
lung, heart, or spleen tissue. The organ utilized was removed aseptically, and ground with 
sand in a sterile mortar in the presence of an equal volume of 0.5 per. cent bovine albumin 
solution in distilled water. Serial dilutions of this suspension were inoculated in 0.5 cc. 
arhounts into tubes containing 5 cc. of liquid medium. In the case of H37Rv, heavy growth 
was usually obtained in the tubes inoculated witli the 10“* and 10~® dilution of infected tissue 
suspension after 10 to 14 days’ incubation at 37.5“C. The culture was then transferred to 
new medium for use as an infective inoculum. Virulent cultures can also be readily recovered 
by inoculation of 5 cc. of medium with a loopful of mouse brain tissue removed from animals 
infected by the intracerebral route. In general, cultures were discarded after 8 to 10 transfers 
in liquid medium, and isolated again from infected mice. 

Preparation of Bacterial Suspension in Egg Yolk. — Fresh yolk was removed aseptically 
from a hen’s egg and diluted with an equal volume of 0.85 per cent saline. One part of the 
suspension was added to an equal part of the bacterial culture and the niLtture emulsified by 
vigorous pipetting just prior to inoculation. It is interesting to note that the presence of 
Tween 80 (0.05 per cent) greatly facilitates the preparation of a fine emulsion of egg yolk, 
thus preventing the formation of emboli as a result of intravenous injection. 

Maintenance of Mice. — Mice 3 to 5 weeks old of a number of strains were obtained from 
the breeding colonies of the Rockefeller Institute and from some commercial farms. They 
were raised and kept in a room free from tuberculous animals until the time of infection. 
Immediately after this tire}' were transferred to glass jars bedded with cedar shavings and 
covered with wire mesh tops, 4 or 6 mice per jar, in a room continuously irradiated with ultra- 
violet light. They were fed once daily .a diet of white bread and milk. There was no obvious 
evidence of mouse typhoid, or of any infectious disease (otlier tlian tuberculous infection in 
the inoculated animals) during the course of the axperiments to be reported. 

The mice were weighed once a week, the 4 or 6 animals in each jar (or their survivors) being 
weighed as a unit. They were transferred to clean jars with new bedding at that time. 

Records were made of dead animals everj' morning, and autopsies performed on them as 
well as on all suu’iving animals at the end of the e.apcriments (3 to 6 weeks after infection). 

RESULTS 

1. Infection of Mice by the Intravenous Route 

The finely dispersed state of tubercle bacilli growing diffusely in Tween 
SG-albumin liquid medium permits direct introduction of these cultures into 
the blood stream of e.xperimental animals. This eliminates the necessity 
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of mechanical trituration of the culture, the usual practice with surface growths 
obtained on solid egg media or as pellicles on liquid media. The following 
e-xperiment was instituted to determine the pathogenicity of mammalian, 
tubercle bacilli for Swiss albino and for line 1 dba mice. 

Swiss albino mice, 4 weeks of age (average weight 17 gm.), and line 1 dba st^ mice, 4 
weeks of age (average weight 14 gm.), were inoculated by the intravenous route with amounts 
of H37Rv culture in Tween-albumin medium ranging from 0.02 to 0.00003 cc., diluted to a 
final volume of 0.1 cc. with sterile medium. All animals surviving for 39 days after infection 
were sacrificed then and observations were made as to the presence, extent, and character of 
pulmonary disease. The results are presented in Table I. 


TABLE I 

Response of S-jitss Albino and Line I dba Mice to Infedion wth Mammalian Tubercle Bacilli 

via the Intravenous Route 


Moust 

straia 

Culture 
H37Rv ■ 

No. 

mice 

Death and survival 

Macroscopic appearance of lonss 
of surviving animals 

Swiss 

albino 

<(■ 

0.02 

0.003 

0.0003 

0.00003 

6 

6 

6 

6 

D2S, 

s, 

S. 

S, 

D33, S, 

S, S, 

s. S. 

S, S, 

S, S, S 

S, S, S 

S, S, Si 

s, s, s 

Small, disoete, non-elevated 
gray areas 

Entire surface of lungs fiat 


0.02 

6 

D5, 

D27, D27, 

s,* s,* s* 

Large, confluent, elevated 

Line 1 

0.003 

6 

1 D30, D32, D36, D36, S,* S* 

glistening, grayish-white 

dba 

0.0003 

6 

s. 

S, S, 

s, s, s 

nodules, occasionally in- 


0.00003 

6 

1 

S, S, 

s, s, s 

volving whole lobes 


D= death; the numeral indicates the number of days after infection at which death 
occurred. 

S= survival for a period of 39 da>'s at which time all surviving anim.-iU were sacrificed. 

* These animals were extremely emaciated at the end of the experiment and would have 
probably died within a few days; in all subsequent experiments dba mice infected with 0.01 
cc. of culture died within 3 weeks after infection. 


As mdicated in Table I, intravenous injection of tubercle bacilli resulted- 
m detectable pulmonary lesions in all animals, however small the infective 
dose. It is obvious, however, that the disease was much more severe in the' 
line 1 dba than in the Swiss albino mice. Only two of the albino animal.; died 
of infection with the largest infective dose (0.02 cc.) and the others appeared 
healthy and were gaining weight when the experiment was terminated. A 
much smaller infective dose (0.003 cc.) caused higher mortality of the line 
1 dba mice; moreover, the surviving animals of this strain were so emaciated 
when sacrificed that it is unlikely that they would have survived for many 
more days. Subsequent experience with larger numbers of experimental 
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animals has repeatedly confirmed the trend of the observations reported in 
Table I. In general, line 1 dba mice infected intravenously with 0.1 cc. of- 
culture die within 1 week, too soon to show gross pulmonary lesions; infection 
with 0.01 cc. of culture usually results in death within 3 weeks, with- extensive 
involvement of lung tissue. 

In all of the strains of mice tested, 22 in all, the lungs of animals dying within 
the first 2 weeks after infection showed as a rule many hemorrhagic areas 
1 to 2 mm. in diameter whereas pearly gray lesions characterized the later 
stages of the disease. Although the histopathology of experimental tuber- 
culous infections in mice will be described elsewhere, it may be useful to present 
at this time a short statement of some of our preliminary observations: — 

Histological sections of the lungs of mice dying 2 or more weeks after infection 
with mammalian tubercle bacilli revealed the presence of numerous lesions 
when stained by hematoxylin-eosm technique. These lesions varied in size 
from small collections of polymorphonuclear leucocytes and round cells filling 
an alveolus, to lesions involving many alveoli, characterized by a central area 
of necrosis and massive infiltration with inflammatory cells. Shadowy out- 
lines of the alveolar septae were always visible even in the central area of 
necrosis. Distension of the alveoli at the periphery of these lesions indicated' 
the presence of edema fluid. Parallel histological sections stained by the 
Ziehl-Neelsen tecluiique revealed the presence of enormous numbers of acid- 
fast bacilli located both intracellularly and extracellularly. Although bacilli 
were usually foimd only in lesions in the pulmonary parenchyma, they could 
also be seen in some cases in the lumen of the bronchi. 

Figs. 1 to 4 illustrate the type of lesions obta’med in Swiss albino and line 

1 dba mice. 

The progress of tuberculous infection in mice can be followed not only by 
the development of pulmonary lesions, but also by weight losses of the infected 
animals. 

Albino mice of the Rockefeller Institute strain 4 weeks of age and weighing 17 gm. were 
inoculated intravenously with 0.1 cc. or 0.01 cc. of the virulent culture, H37Rv, or with 0.2 
cc. of the avirulent variant of the same strain, H37Ra. Body weights were recorded (as the 
average of si.T animals or their survivors) at weekly intervals. The experiment was terminated 
at the end of 4 weeks. 

As appears from the results presented in Table 11, weight loss became evident 

2 weeks after injection of 0.1 cc. and 3 weeks after injection of 0.01 cc. of virulent 
H37Rv bacilli. This weight loss was not due merely to a non-specific toxic 
effect of the bacillary material which was unrelated to virulence, since no 
similar effect was observed when even larger amounts of culture of the avirulent 
variant H37R a were injected, also by the intravenous route. No gross pulmonary- 
lesions were observed in animals inoculated with the avirulent culture; further- 
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more, impression smears oi tive lungs stmned by the Ziehl-Neelsen technique 
failed to reveal the presence of acid-fast bacilli. 


TABLE n 

Response of Albino Mice of Rockefeller InsHlute Strain to Intravenous Inoculation with H37Ro 
(Virulent) and H37Ra (Atirulenl) Mammalian Tubercle Bacilli 


Culture 

Egg yoBc 
suspension 

treisht a/ter mocoiaUoa 

No. dead/ 

/Total 

Initial 




i tiles. 

£€. 

ee. 

tm. 

in. 

tn. 

r«. 

itn. 


H37Rv 0.1 

0 

18.3 

20.0 

17.9 

15.8 

Dead 

6/6 

BSlRv 0.01 

0 

18.3 

21.3 

22.2 

19.7 

19.2 

5/6 

H37Ra 0.2 

0 

18.3 

21.6 

24.2 

25.9 

26.7 

0/6 

H37Ra 0.2 

0.1 

18.3 


23.3 

24.6 

25.3 

0/6 

0 0 

0.1 

18.4 

19.8 

23.6 

24.2 

25.3 

0/6 


2. Infection of Mice by tite Intracerebral Route 

The following experiment was set up to determine whether virulent tubercle 
bacilli injected into mice by the intracerebral route multiply in the brain 
tissue and can be disseminated thence to other tissues. 

Swiss albino mice, 4 weeks of age and 17 gm. in weight, and line 1 dba mice, 4 weeks of 
age and 14 gm. in weight, were inoculated into the brain, while under ether anesthesia, with 
graded amounts of bacilli resuspended in a final volume of 0.03 cc. of sterile medium. At 
weekly intervals some of the animals were sacrificed, and examined for the presence of gross 
pulmonary lesions; at the same time, impression smears of the brain tissue were stained by 
the Ziehl-Neelsen Uchnique and examined for the presence of acid-fast bacillL Four strains 
of tubercle badlli were used for infection: H37Rv, a classical laboratory strain of 
origin, Eavenel, a classical laboratory strain of bovine origin. Waller, a human strain recently 
isolated from sputum, and Number 381 7, a bovine strain recently isolated from human patho- 
logical material. The results with all four strains were identical. They are summarized in 
Table IH. 

The results presented in Table m reveal the surprising fact that evidence 
of marked multiplication of bacilli could be detected within 1 week in the 
cerebral hemisphere of the brains infected with even a very small dose (10 to 100 
organisms). But, on the other hand, it should be remarked that invasion of 
the other hemisphere and gross pulmonary infection were detectable only 
alter 2 to 3 weeks. As in the case of infection by the intravenous route the 
extent of the pulmonary lesions resulting from intracerebral inoculation was 
dependent upon the strain of mouse used; the dba mice exhibited much more 
extensive lesions than Swiss albmo animsilc 

Experiments are now in progress to follow more accurately by histological 
and quanUtative bacteriological techniques the process of bacterial proliferation 
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within the brain tissue. Preliminary results indicate that an increase in the. 
number of bacilli becomes evident 2 to 3 days after infection and that, at this 
early time, most of the bacilli appear packed within large mononuclear cells. 
Finally, it may be worth mentioning at the present time that tuberculous 
infection has been established by injecting intracerebrally 0.01 cc. of sputum 
obtained from tuberculous patients.'* 

TABLE ni 


Respansa of Suw Albino and Line 1 dba Alice io Iniracerebral Infection v/ith Mamnalian 

Tubercle Bacilli 


Culture H37Rv 

! Pteseure of bacilli in brain tissue 

1 1 wk. after infection 

Pulmonary lesions 3 wlcs. after infection 


Swiss mice 

dba mice 

Swiss mice 

dba mice 

CC. 

0.01 

+ 

+ 

-kd — k+ 

++++ 

0.0015 

4- 

+ 

+++ 

+++ 

0.00015 

+ 

+ 

++ 

+ + 

0.00003 

+ 

+ 

+ + 

++ 

0.000003 

+ 

+ 

+ 

+ 

0.0000003 

— 

+ 

— 

+ 


3. Intraperitoneal Infecliott of Mice; The Effect of Egg Yolk 

It was soon observed that the minimal infective doses of mammalian tubercle 
bacilli required for the establishment of a fatal infection are much larger 
(five- to ten-fold) by intraperitoneal than by intravenous injection. The 
results of the infection are also less regular and m particular, selective local- 
ization of the lesions in the lung tissue is a less prominent feature. 

Many efforts were made to increase the virulence of the cultures by passage 
through mice and through chick embryos. No convincmg quantitative data 
are as yet available concerning tire effect of mouse passage on virulence. It 
was found, however, that direct injection of some of the contents of the yolk 
sac of infected chide embryos into the peritoneal cavity of mice gave rise to a 
rapidly fatal infection with strikhig pulmonaiy localization. This phenomenon 
is illustrated and analyzed in the following e.xperiments. 

Embryonated hen eggs 7 days old were Inoculated with 0.1 cc. of the virulent culture 
H37Rv, introduced into the yolk sac. Ten days after infection, multiple lesions ^vere present 
on the chorioallantoic membrane (1). The yolk sac and its contents were collected at that 
time .and together emulsified with an equal volume of physiological saline; stained preparations 


* We wish to acknowledge with thanks the cooperation of Dr. Walsh McDermott and Dr. 
Susan Hadley of the New York Hospital, who supplied us with selected samples of human 
tuberculous material. 
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and cultivation of this material in Tween-albumin media revealed the presence of enormous 
numbers of acid-fast bacilU (approximately 10* per cc.). Within 2 hours after remvery from 
the infected embryo, graded amounts of the diluted yolk material were injected mtrapen- 
toneally mto albino mice; for the purpose of comparison, other mice of the same bte^ and 
a^were inoculated with comparable numbers of bacilli grown in Tween-albumln liquid me- 
dium. 

Identical results— not to be detailed here — were obtained in a large num- 
ber of e.\-periments. The bacilli in the yolk sac e.xhibited much higher infectivity 
than those recovered from culture media as measured in terms of death rate 
or of the e.vtent of the gross pulmonar>' lesions. However, bacilli recovered 
from infected yolk sacs and cultivated in Tween-albumin media did not appear 
more virulent than the stock culture when injected into mice by any route. 
Further analysis of the findings was therefore undertaken in order to determine 
the possible influence of the egg yolk material as such upon the infectivity of 
tubercle bacilli. 

Albino mice of the Rockefeller Institute strain, 4 weeks of age and 18 to 20 gm. in average 
wdght, were inoculated via the intraperitoneal route with graded amounts of cultures grown 
in Tween-albumin medium. Sterile egg yolk emulsion was added to some of the inocula — 
as indicated in Table IV — according to the method described earlier in this report. The re- 
sults of the mjections are presented in Table IV in terms of weekly weight changes of the ani- 
mals, numbers of deaths within a period of 3 weeks, presence and extent of gross pulmonary 
lesions, and enlargement of the spleen and lymph nodes. 

The results presented in Table IV show that the addition of normal egg yolk 
to the culture of H37Rv prior to intraperitoneal injection markedly enhances 
the infectious process, as measured either in terms of weight loss or by death 
of the animals. The longer survival time was correlated with extreme splenic 
enlargement and small pulmonary' lesions, whereas more acute disease resulted 
in less pronounced enlargement of the spleen, but much more pronounced 
pulmonary lesions. All attempts to reproduce the enhancing effect of egg yolk 
by injecting the material into mice either before or after introduction of the 
bacilli failed to modify the course of the disease. This fact is illustrated in 
the last line of Table W where it is shown that addition of 0.25 cc. of diluted 
egg yolk 48 hours after infection resulted in extreme enlargement of the spleen, 
minimal pulmonary lesions, and no death within 3 weeks, this being a disease 
picture which could not be differentiated from that obtained with bacilli alone. 

Further evidence of the increase in infectivity obtained by addition of egg 
yolk to the inoculum is illustrated in Table V. This enhancing effect is not 
due to a non-specific to.xic action or the egg yolk since addition of this material 
to larger doses of the avirulent variant of H37 (H37Ra) failed to affect the 
weight curv'es of the inoculated animals, or to cause in them any evidence 
of disease. 

The enhancement of infectivity of virulent tubercle baciUi by means of egg 
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TABLE IV 


Effect oj Egg Yolk upon Injectivity of Mammalian Tuberde Bacilli for Rockefeller JndUttfe 

Albino Mice 


Culture 

H37Rv 

yoU: 

^ WeekJy weight changes 

Aver- 

age 

spleen 

weight 

Gross pathological findings 
Macroscopic appearance 
^ ol tissues 

No. dead/ 

(j.pd 

suspeii' 

SiOQ 

Initial | 

1 wk. 



/Total 

u* 

cc. 

Siu. 

sm. 

Sm. 

sm* 

mg. 



0 

0 

18.8 

19.4 

20.8 

21.8 

97 

Normal 


0 

0.25 

20.0 

19.9 

20.5 

22.5 

75 

Normal 


1.0 

0 

21.0 

1 

20.3 

21.7 

22.6 

553 

Enlarged infected lymph 
nodes, pinpoint pul- 
monary lesions, numer- 
, ous scattered abscess- 

0/6 



1 


1 

1 

1 

■j 

i 

1 

like lesions in other 
tissues 


1.0 

0.25 

21.4 

All 

1 




6/6 




dead 






0.25 

0 

20.0 

20.2 

22.6 

24.2 

740 

Enlarged infected lymph 

0/6 

j 

1 

j 


1 

j 


1 



nodes, pinpoint pul- 
monary lesions, oc- 
casional scattered ab- 
scess-like lesions 









throughout other 
tissues 


0.25 

0,25 

20.5 

20.7 

i 18.0 

All 



6/6 






dead 




0.25 

0,12 

20.2 

20.1 

20.3 

20.3 

360 

Enlarged infected lymph 

1/6 








nodes, extensive pul- 
monary lesions, few 
other lesions 


0.25 

0.25* 

20.3 

20.3 

1 21.3 

22.8 

765 

Enlarged infected lymph 

0/6 

1 

1 

1 

1 

j 



! 




nodes, pinpoint pul- 
monary lesions, oc- 
casional scattered ab- 
scess-like lesions 
throughout other 
tissues 



i.p. =» intraperitoneal injection. 

*Egg yolk suspension administered intraperitoneally 48 hours after intraperitoneal in- 
jection of the bacilli. 


yolk proved to be a readily reproducible phenomenon when the mixture was 
introduced intraperitoneally. Experiments based on the chemical fraction- 
ation of egg yolk (6) have revealed that lipovitellin and lipovitellenin, in 
. amounts comparable to those present in it do not reproduce the effect of the 
whole material. However, a suspension of egg oil from the evaporated ether 












C. PIESCE, R. J. DUBOS, AND G. StIDDLEBROOIC 


167 


extract of the whole yolk together with an alcohol-msoluble fraction of the 
ether extract after removal of the oil was as active as the whole egg yolk when 
mixed with the culture of tubercle bacilli. Furthermore, a similar effect 
could be obtained when egg oil was replaced by a light parafBn oil (Bayol F). 
Oil and the alcohol-insoluble fraction were separately ineffective. When 
examined naiaoscopically, the badlli in the mixture of culture and egg yolk 
suspension appeared to be located in the small globules of oil. The same finding 
was obtained when the culture was mixed with the suspension mixture of egg 
oil or paraffin oil and the alcohol-insoluble fraction of egg yolk. 


TABLE V 

Response of Albino itice of Rockefeller InstUuie Slrain to Intraperiloneal Inoculation vilh 
H37Ro {Virulent) and S37Ra (Ariruteni) Mammalian Tubercle Bacilli 


Cnltme 

Eg 2 yolk 
sQspesiion 

Weekly weight alter uooiUtioix 

No.dtsd/' 

/Total 

' 

Izutial 

1 xst. 

2wts. 

3 wks. 

4 wks. 

tc. 

cc. 

iff. 

sn. 


xw. 

Sa. 


H37Rv 0.25 

0 

BSI 


22.6 

24.2 

Killed 

0/6 

'* 0.25 

0.25 



18.0 

Dead 


, 6/6 

« 0.5 

0 

20.0 

23.3 

24.6 

25.3 

22.8 

0/6 , 

" 0.5 

0.25 

21.0 

19.8 

16.4 

Dead 


6/6 

H3TRa 1.0 

0 

17.6 

21.9 

25.3 

26.8 

28.0 

0/6 . 

H37Ra 1.0 

0.25 

20.2 

23.5 

26.8 

28.2 

30.1 

0/6 

0 

0 

21.0 

26.2 


29.3 

31.4 

0/6 


4. Infeclion of Mice by Feeding 

The following experiment was devised to test the possibility of infecting 
mice by feeding them once with food contaminated with tubercle bacilli 
cultivated in the Tween-albumin medium. 

Swiss albino mice (4 weeks of age and 15 gm. in -weight) and line 1 dba mice (4 weeks oi 
age and 11 gtn. in -wdgbt) were fasted for 1 day. Each mouse was then fed a piece of diy 
white bread (approximately 1 c-cm.) soaked immediately prior to feeding with 0.5 cc. of a 7 
day old culture of H37Rv. The mice were then placed and maintained on a diet conasting 
of commeal, gelatin, butter, and a salt mixture (to be described more fully in a later publi- 
cation) and sacrificed 4 weeks after the feeding -with badlli. 

Autopsies revealed tuberculous pulmonary disease in all the fed animals. 
In this case again, the lesions were much more extensive in the dba fhgn in 
the Swiss albino rruce. 

5. Comparalive SuscepimUies of Diferenl Breeds oj Mice to Experimental 
Tubercttlous Infection 

The results presented in Table I reveal a striking difference in behavior 
toward infection with the virulent culture H37Rv between line 1 dba and Swiss 
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albino mice. Whether measured in terms of minhnal lethal dose of tubercle 
bacilli, or of rate of progression of pulmonar>'- lesions, the susceptibility, of the 
dba mice was much greater than that of the Swiss albino. The age (between 
3 and 7 weeks) and the weight (between 12 and 20 gm.) of the animals appeared 
to be of little significance in determining the susceptibility to infection. 

' Ip the course of the present study, e-xtensive comparisons have been made of 
the susceptibility of 22 different strains of mice obtained from commerical 
breeding farms or from genetical laboratories. It appears unnecessary to 
describe the details of these tests since their results are not entirely comparable 
because they could not be carried out under identical conditions.® N'evertlie- 
less, records of the results of those carried out within the last year with animals 
of approximately the same age (4 to 6' weeks) fed on a bread and milk diet 
and inoculated with cultures grown in Tween-albumui liquid medium, are 
sufficiently consistent to warrant the drawing of certaui comparisons. In 
terms of minimal lethal dose of culture H37Rv and of extent of pulmonary 
lesions, 18 different strains of mice can be arranged approximately ageordmg 
to the following order of hicreasing susceptibility to tuberculous infection. 


Mouse strain 
Swiss albino 

t( t* 

<( u 

<( 

Swiss albino (CF,r) 

Swiss albino (CFow) 

Strong A 

; ^ 

Buffalo 

Rockefeller Institute strain 


Chocolate 
Brown spot 


C,H 


Source from v?liicJi obtained 

Brought by Dr. Clara Lynch to the Rockefeller Institute from 
Switzerland. 

Obtained from Dr. Lynch and mised by R. G. Hahn at the 
Rockefeller Institute. 

Viktor Schwentker, Tumblebrook Farm, Brant Lake, New 
York. 

Rockefeller Institute stock, raised by J. Pomarico. 

Procured from the Rockefeller Institute stock and raised by 

Carworth Farms, New City, New York" 

Mutant derived from CFw. Raised by Canvortli Farms. 

Procured from the Roscoe B. Jackson Memorial Laboratory, 

Bar Harbor, Maine, and raised by J. Pomarico. 

<( <1 

Procured from the State Institute for the Study of Malignant 
Diseases, 663 North Oak Street, Buffalo, New York, raised 
by J. Pomarico. 

Heterozygous albino strain maintained at the Rockefeller 
Institute and to be distinguished from the so called “Swiss 
Albino" strains. 

Carworth Farms 

tt if 

Roscoe B. Jackson Memorial Laboratory 


s It is probable that unrecognized variations in the culture, the season of the year, and other 
uncontrolled factors have an appreciable influence on the course and outcome of the experi- 
mental infection. 

‘The strains obtained from Carworth Farms were generously supplied by Mr. C, N. Went- 
worth Gumming. 
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Source Irca which obtxiaed 

Roscoe B. Jackson Memorial Laboratory and raised by J. 
Pomarico. 

Procured from Dr. L. C. Strong and raised by J- Po mar ico. 
Stock of Dr. Howard Schneider, Rockefeller Institute. 
RcscoeB. Jackson Memorial Laboratory- 

1C « « « « 

In general, but not uniiormly, pigmented animals were much more susceptible 
than the albino strains. A suggestion of this difference is to be found in the 
results of earlier experiments involving the infection of albino mice and of the 
C57 black strain with bovine tubercle bacilli by the intraperitoneal route (7). 
Difference in susceptibility was manifested in the time of surviv'al following 
injection of a given amoimt of culture, in the minimal infective dose required 
to cause death within a given period of time, and in the extent and character 
of the pulmonary lesions. It is less certain, however, that differences in 
susceptibility affected the initial phases of multiplication of the injected 
organisms. Multiplication of the bacilli was observed to take place within 
a few days, even when the infective inoculum was very small, in the most 
resistant as well as in the most susceptible strains of mice. Similarly, intra- 
venous injection of small amounts of bacilli resulted within 2 weeks in the 
production of pulmonary lesions in all animals. It was in the subsequent 
course of events that susceptibility and resistance became manifest. The 
lesions generally remained small in albino mice, with a tendency to regress 
when few in number. In animals of the susceptible line 1 dba and C57 black 
strains, on the other hand, rapid progression of the disease took place, and the 
presence of a few lesions v/as sufficient to cause the destruction of a whole 
pulmonary lobe within a few weeks. 

The difference in susceptibility between different mouse strains is illustrated 
by the following experiment in which are compared three strains of mice, 
Swiss albmo, C3H, and C57 black, which exhibit respectively high, intermediate, 
and low resistance to experimental tuberculous infection. 

The mice used were of the following age and average weight: Swiss albino 6 weeks, -22 gm.; 
C iH 6 w’eeks, 17 gm.; C57 black 6 weeks, 1/ gm. They were infected with varying amounts 
of H37Rv cultures grown in Tween-albumin liquid medium introduced by the intraperitoneal 
or intravenous route. The number of deaths occurring at weekly intervals (up to 6 weeks) 
is recorded in Table VI. 

It is obvious that the order of increasing susceptibility of the three strains 
of mice, Swiss albino, C3H, and C57 black was the same, whether the infective 
dose was introduced intravenously or intraperitoneally, with or without egg 
yolk, and irrespective of whether susceptibility was measured in terms of the 
number of deaths occurring within a ^ven period, or by the rapidity with 
which death occurred after a given infective dose. Pulmonary lesions were 


Mouc leun 

C,H 
Strong I 

Mus musculus dcmesticus 
CS7 black 
dba line 1 
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found in all infected animals, but as indicated earlier m this report, the rate of 
progression of these lesions was highly characteristic for each mouse strain. 
The lesions observed in resistant (Swiss albino) and susceptible (line 1 dba) 
mice are illustrated in Figs. 1 to 4. Mice of the C57 black strain gave results 
to those obtained with Ime 1 dba. 

DISCUSSION 

Recent studies have established that mice are more susceptible to experi- 
mental infecrions with mammalian tubercle bacilli than was formerly believed 
(7-16). Thus, intravenous injection of 0.1 to 0.2 mg. human or bovine bacilli 
has been found by several workers to cause death of a large percentage of al- 
bino mice within 3 to 4 weeks (8, 10, 14, 15, 16). Of special mterest is the 
finding that intravenous inoculation with 10 to 100 living bacilli can lead to a 
mild chronic disease, during which the organisms proliferate although they may 
fail to produce visible tubercles (9). Chronic infection can also be produced 
by causing mice to inhale small numbers of bovine bacilli in the form of an 
aerosol mist (13). The results described in the present paper confirm and ex- 
tend these findings. They establish in particular that one can modify almost 
at v;ill the rate of progression and the outcome of experimental tuberculous in- 
fection of mice by modifying a number of factors which influence the infective 
organism and as will be shovm later, the infected host. 

It has long been known that variants of a given culture of tubercle bacillus 
can differ in virulence \ tins is illustrated in Tables H and V and will b e discussed 
further in an accompanying communication (5) . The physiological state of the 
culture used for inoculation is also worth consideration. Cultures grown for 
several weeks according to the classical techniques (on egg yolk slants, or as 
siuface pellicles on synthetic liquid media) contain a large percentage of dead 
cells and of cells of differing age and physiological activity (17). It is not 
surprising, therefore, that these cultures have often been found ineffective in 
producing disease in an animal somewhat resistant to tuberculous infection, as 
in the albino mouse. The cultures used in the present study were young (1 
week old) and homogeneous (diffuse growth); comparison of the number of cells 
determined by direct microscopic examination and of the number capable of 
initiating growth in liquid and on agar media revealed in repeated tests that 
most of those in our cultures were viable and physiologically active. Moreover 
the diffuse character of the cultures growing in liquid Tween-albumin medium 
made unnecessary mechanical trituration for the preparation of homogeneous 
bacterial suspensions for infection. Theyouth and viability of Tween-albumin 
cultures as well as elimination of trauma in the preparation of the bacterial 
suspension probably accounted for its high infectivity for mice. 

The mode of injection of the bacilli had a marked influence on the type of 
disease produced. Intravenous inoculation of the bacilli resulted in a localiaa- 
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tion of the disease tliat was predominantly pulmonary; the minimal infective 
dose capable of causing death within a month ranged from 0.0005 to 0.02 mg. 
of bacilli, depending upon the strain of mice used. Introduction of the bacilli 
by the intraperitoneal route was much less effective and resulted in a less pre- 
dictable localization of the infection. Admixture of- the bacilli with egg yolk (or 
with a mixture of oil and the phosphatide fraction of the yolk) prior to in- 
jection markedly mcreased the severity of the pulmonary disease and the death 
rate. It is very likely, however, that this enhancement of infection was not 
due to an effect on the host, or on the virulence of the bacilli, but rather to some 
modification by the yolk material of the surface of the bacteria which caused 
the latter to aggregate witliin oil droplets. It appears probable that these 
small droplets containing bacilli were not phagocytized locally in the peritoneal 
cavity but were transported to the lung where they were deposited as infect- 
ive foci. Bacilli mtroduced into the brain multiplied verj"^ rapidly, even when 
the infective dose was very small (10 to 100 bacilli); prelimmary evidence indi- 
cates that in this organ bacterial proliferation takes place withhi the larger 
monocytes, at least to begin with. Surprisingly enough, the animals mani- 
fested little evidence of disease during the intracerebral phase of bacterial mul- 
tiplication. Within 2 to 3 weeks after infection, however, invasion of lung tis- 
sue became manifest and the disease process took the form observed after 
infection by the intravenous route. 

Nothing is known as yet of the factors — immunological or physiological — 
which hold in check the progress of the lesions in the more resistant animals. 
In the course of the present study, however, many observations have been 
made which indicate that this resistance can be decreased by a number of non- 
specific circumstances. Thus, as will be shown in a forthcoming publication, 
changes in diet can greatly shorten the survival time of mice infected with 
mammalian tubercle bacilli. 


SUMiL-VRY 

Introduction of the bacilli by tlie intravenous route or by feeding gives rise 
to a disease predominantly localized in the lungs. Following intracerebral in- 
fection, the bacilli first multiply rapidly in the braui tissue, and then mvade 
other organs, producing lesions especially in the lungs. Injection of the bacilli 
by the intraperitoneal route is less effective than by either the intravenous or 
intracerebral routes; however, admixture of the bacilli with some of the com- 
ponents of egg yolk increases both the infectivity and tlie pulmonary' localiza- 
tion. 

Different strains of mice differ markedly in their susceptibility to e.vperi- 
mental tuberculous infection ; the highest susceptibility was observed among the 
pigmented strains (line 1 dba and C57 black). Greater resistance does not 



C. PIERCE, R. J. DITBOS, AKD G. MIDDLEBROOK 


173 


appear to depend on the ability to prevent the establishment of infection, but 
rather corresponds to a slower rate of progression of the infectious process. 

It is possible to produce in mice tuberculosis presenting any desired degree 
of acuteness or chronicity by controlling certain factors which condition the 
initiation and the progression of the infection. 
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EXPERIMENTAL TUBERCULOUS INEECIION OP, MICE 


EXPLANATION OF PLATE 18 

Lung sections stained with hematoxylin-eosin. X 8.5 
The photographs were made by Mr. Joseph B. Haulenbeck. 

Fig. 1. Mouse strain: Swiss albino. 

Inoculum: 0.003 cc. H37Rv (intravenous). 

Autopsy: 3 weeks after infection. 

Note many small areas of parenchymal and subpleural' lesions. Occasional epi- 
thelioid cells are visible in these lesions at higher magnification. 

Fig. 2. Mouse strain : dba. 

Inoculum: 0.003 cc.. H37Rv (intravenous). 

Autopsy; 3 weeks after infection. 

Note large, sometimes cohfluent parenchymal, peribronchial, and subpleural 
lesions. Central necrosis is evident. Many epithelioid, cells are visible in these 
lesions at higher magnification. , 

Fig. 3. . Mouse strain: Swiss albino. 

Inoculum: 0.01 cc. H37Rv (intravenous). 

Autops}'’: 3 weeks after mfection. 

Note several small, dark areas in the parenchyma. Higher magnification reveab 
these to consist of inflammatory lesions without necrosis, which are usually peri- 
vascular. 

Fig. 4. Mouse strain: dba. 

Inoculum: 0.01 cc. H37Rv (intravenous). 

Autopsy; 3 weeks after infection. 

Note massive consolidation of most of the lung with large areas of necrosis. 


PLATE 18 
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(Pierce et al.: Etperimental tuberculous intcction of mice) 




VIRULENCE AND MORPHOLOGICAL CHARACTERISTICS 
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Although variations in the morphological characteristics of cultures of mam- 
malian tubercle bacilli have long been known and extensively described, the 
relation of these characteristics to virulence remains uncertain. Many- at- 
tempts have been made to correlate virulence and avirulence on the one hand 
with smoothness and roughness of colonial morphology on the other (1-5). Un- 
fortunately, the unstable physical and chemical characteristics of the classical 
solid egg media have led to much confusion in terminology and description (6, 

7 ). 

The recent development of convenient techniques for the growth of tubercle 
bacilli in liquid and on solid media of relatively simple and reproducible com- 
position (9-11) has permitted a reinvestigation of the morphology of these 
organisms, hloreover, the possibility of establishing in mice e.xperimental tu- 
berculous infections with small numbers of the bacilli (8) has allowed more 
accurate measurement and, therefore, a more thorough analysis of the relation 
of vorulence to certain morphological characteristics of the culture. 

Our study of the correlation between virulence and morphological character- 
istics has been based on the earlier investigations of Petroff, Steenken, and 
their associates (1, 12-16). By aging virulent cultures of mammalian tubercle 
bacilli on solid egg media, these investigators have obtained stable variant 
strams which are avirulent for guinea pigs. For e.xample, the classical H37 strain 
has been dissociated into the highly vorulent variant, H37Rv, and the stable 
avirulent variant, H37Ra, and certain consistently different cultural character- 
istics have been recognized between these two variants (17). This work has 
made available for comparative analysis of virulence and morphology two 
variant forms of the H37 strain as well as a number of other stable variants of 
virulent cultures of known virulence for the guinea pig.^ 

The present paper attempts to correlate certain differential morphological 
characteristics of these cultures with their virulence, measured either by the 
classical techniques in the guinea pig or by the recently described mouse in- 
fection tests (8). 
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Materials and Methods 

The following strains of mammalian tubercle bacilli were used: 

The two “extreme” variants of the classical H37 strain derived from a culture of a single 
cell: H37Rv, virulent, and H37Ra, avirulent (17). 

H4Ra, reported to be avirulent for guinea pigs (14). 

JH16Ra, reported to be avirulent for guinea pigs (14). 

RlRv, reported to possess low but definite virulence for normal guinea pigs and to be 
fatally virulent for silicotic guinea pigs, and its variant RlRa, reported to be avirulent for 
guinea pigs (15). 

A strain of BCG (BCG 317) obtamed from the Henry Phipps Institute. 

Ravenel, a classical virulent bovine strain. 

Bovine 3817, a recently isolated virulent bovine strain. 

Many strains recently isolated from sputum, spinal fluid, and blood of tuberculous patients. 

All these strains were cultivated and transferred as routine in the previously described 
liquid medium containing 0.05 per cent Tween 80 and 0.2 to 0.5 per cent bovine serum al- 
bumin (fraction V) (8). 

Virulence for mice was tested by intraperitoneal, intravenous, or intracerebral injection 
of 7 to 10 day old diffuse cultures in Tween-albumin liquid medium (8). Evaluation of 
virulence was based upon the ability of the culture to produce death, grossly visible lung 
lesions, and enlargement of the spleen, within 4 weeks after infection with various doses of 
living organisms. 

Details concerning the preparation of basal liquid medium and its modifications have been 
described elsewhere (11 d). 

Microscopic appearance of the cells growing submerged in liquid media was studied in 
the growths obtained by inoculating 0.1 cc. amounts of 6 to 10 day cultures into 5 cc. of 
basal medium containing various amounts of Tween 80 (0 to 0.08 per cent). Observations 
were also made on the morphological characteristics of the growth on the surface of liquid 
medium. This was prepared by adding to the basal medium 0.75 per cent glycerine (reagent 
or c.p. grades) before autoclaving and 0.75 per cent glucose after autoclaving (11 o). The 
medium was distributed in 200 cc. amounts in Blake bottles of 1 liter capacity. Each bottle 
was inoculated with 4 cc. of a 6 to 10 day old culture grown in basal medium containing 
0.05 per cent Tween 80 and 0.3 per cent serum albumin. The Blake bottle was allowed to 
rest on its side for 2 days, during which time the bacteria multiplied against the glass on the 
bottom of the undisturbed vessel. This was then quickly tipped up and held in this position 
for a few seconds; mucli of the culture remained clinging to the side of the bottle. When the 
latter was returned to its horizontal position small islets of organisms were floated onto the 
surface of the medium and served to initiate a relatively rapid surface growth in the form of 
a pellicle. 

For investigation of colonial morphology 0.1 cc. amounts of 10~^ dilutions of 6 to 10 day 
old cultures in the routine liquid medium were inoculated onto the surface of solid media 
containing 1.5 per cent agar and 0.5 per cent serum albumin. Glucose, oleic acid, and Tween 
80 were added as described in the text. 

Comparative Virulence of Mammalian Tubercle Bacilli for Mice and Guinea Pigs 

It has been reported in the preceding paper that the two “e.xtreme” variants 
of the H37 strain differ strikingly m virulence for mice (8). Table I summarizes 
similar observations concerning the comparative virulence of other representa- 
tive strains of tubercle bacilli. While the H37Rv, Ravenel, and Bovine 3817 
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strains, which are virulent for guinea pigs, mitiatc a rapidly progressive infec- 
tion in the relatively resistant Rockefeller Institute strain of mice, the three 
strains, H37Ra, JHlGRa, and H4Ra, arc incapable of establishing a demon- 
strably progressive infection in tire same straiir of mice. Even more striking 
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Comparison of the Virulatce for Mice of CuliMts oj Mammalian Tubercle Bacilli 
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differences between the virulent and avirulent variants are revealed by intra- 
cerebral inoculation into the susceptible dba strain of mice. Virulent organisms 
in very small doses (for example, 0.03 X 10-« cc. of a culture of the virulent 
variant of H37) are capable of early and rapid multiplication intracerebrally 
and cause lesions in the lungs within 4 weeks. The avirulent variant, on the 
contrary, in a dose 100,000 times this amount, does not appear to rnultiply 
in the brain and produces no secondary lesions. Except when the mfection is 
overwhelmingly acute and fatal, or when it is initiated by very small doses of 
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bacilli, virulent variants produce marked enlargement of the spleen; this is 
never observed in the Rockefeller Institute strain of mice inoculated with aviru- 
lent variants. 

As indicated in Table I, the RIRv and BCG strains have been observed con- 
sistently to produce within 4 weeks small, but macroscopically visible, pul- 
monary lesions and some enlargement of the spleen in the relatively resistant 
Rockefeller Institute strain of mice infected intravenously with 0.1 cc. of un- 
diluted culture. These two strains of mammalian tubercle bacilli possess, there- 
fore, low but definite virulence, since they are able to multiply in vivo, at least 
for a period of time, and to produce lesions m mice. Similarly, the RlRv strain 
is known to possess a low degree of virulence for the normal guinea pig (15, 16) ; 
the virulence for the guinea pig of the BCG strain used in the present studies 
has not been determined. 

On the basis of the obser\fations which have just been reported it appears 
justifiable to conclude that the virulence of mammalian tubercle bacilli, as meas- 
ured by mouse infection tests, correlates well with the degrees of virulence de- 
termined by the classical techniques in the guinea pig. 

Comparative Morphological Characteristics of Strains of Tubercle Bacilli 
Endowed with Different Degrees of Virulence 

1. Comparison of U37Rv and H37Ra. — For convenience of presentation, ob- 
servations on the two “e.vtrerae” variants, virulent and avirulent, of the classical 
H37 strain will be reported first. Studies on other strains will be described by 
reference to these two variants. 

Inoculation of the basal medium containing senim albumin and no more than 
0.02 per cent Tween 80 with a culture (in Tween-albumm medium) recently 
isolated from an infected mouse gives rise within a few days to a growth con- 
sisting of bundles, ropes, or cords of strongly acid-fast bacilli in which the ori- 
entation of the long axis of each cell is parallel to the long axis of tire cord. 
Figure 1 b illustrates this type of cellular arrangement. In the absence of 
Tween 80 or in the presence of less than 0.01 per cent of this substance, the 
culture appears as a maze of intertwined serpentine cords when viewed under 
low power magnification. 

The tendenc}'- of the vindent variant to form cords can be completely in- 
hibited by cultivation in media containing 0.05 per cent or more of Tween 80; 
under these conditions the culture becomes highl}'’ diffuse and consists predom- 
inantly of isolated bacterial cells. Transfer of this highly dispersed culture 
back to medium containing no Tween 80 or a low concezi tration of this sub- 
stance results again in growth in the form of cords. 

That cord formation is not an artifact of cultivation in vitro is indicated by 
the finding of short but definite cords and bundles of tubercle bacilli arranged 
in parallel in the brain tissue of mice infected intracerebrally with high dilutions 
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of a diCfusc culture of H37Rv. Cords arc also readily demonstrable in the yoIJi 
sacs of chick embryos infected with H37Rv or with other virulent cultures of 
mammalian tubercle bacilli. 

In contrast to tliese morphological characteristics of the virulent variant of 
H37, the completely avirulent variant, H37R3, has never been observed to form 
definite cords under any condition of growtli. It grows, as illustrated in Fig. 

1 o, in non-oriented clumps the size of which depends upon the age of the culture 
and the concentration of Tween 80 in the medium. Furthermore, the cells of 
H37Ra are less acid-fast, taking the methylene blue counterstain more readily 
than the cells of the virulent culture. 

On the surface of Tween-albumin-agar media H37Rv, recently isolated from 
infected animals, gives rise to the type of colonies illustrated in Fig. 2 6. The 
colonies are flat and highly translucent, and display a serpentine structure in 
the presence of low concentrations of Tween SO. On the other hand the use of 
higher concentrations of Tween 80 decreases the tendency to serpentine growth 
on the surface of agar media as it inhibits the formation of cords in liquid media. 

When inoculated onto the surface of agar media containing more than 0,005 
per cent Tween 80 the a\’irulent variant grows in the form of the smooth, raised, 
opaque colonies illustrated in Fig. 2 a. 

The most striking differences between the two variants of H37 are brought 
out by studying the colonial morphology on the surface of agar medium con- 
taining 0.5 per cent serum albumin and no Tween. As shown in Figs, 3 a and 
3 &, these fundamental differences are independent of the size of the colony. 
The ability of the virulent variant to form serpentine cords which tend to spread 
out over the surface of the agar appears to account for all the gross morphologi- 
cal differences between the colonies of the two variants. 

The differential morphological characteristics of the growth of the two vari- 
ants of H37 on the surface of liquid medium, previously observed by Steenken 
(17, 18), have also been recognized in our studies. The virulent variant has a 
marked tendency to form a thin veil which spreads uniformly and rapidly over 
the entire surface of the liquid medium and climbs high on the sides of the glass 
container; the avirulent variant, in contrast, has much less tendency to spread 
and heaps up in more or less discrete islands which do not coalesce for long 
periods. Microscopic examination of fixed specimens of surface peUicIes reveals 
the presence of the serpentine cords in the \drulent culture and the absence of 
any consistent orientation in the growth of the avirulent variant. Thus the 
difference in macroscopic morphology on the surface of liquid medium is a re- 
flection of the same basic difference observable microscopically in submerged 
culture and on solid agar media. 

The morphological characteristics described above were constant over the pH 
range 6.0 to 7.0, and were not affected by the addition of up to 0.5 per cent 
glucose to the medium. Oleic acid added in a final concentration of 0.005 per 
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cent to albumin-agar (11 a) stimulates the growth of both variants of the H37 
strain but has no effect on the fundamental differences in tlieir morphological 
properties. 

2. Characteristics of Other Virulent Strains of Mammalian Tubercle Bacilli . — 
All strains of tubercle bacilli freshly isolated from human pathological materials 
which have thus far been exaramed in our laboratory possess high virulence for 
the mouse and exliibit the morphological characteristics of the virulejit H37Rv 
culture. Fig. 4 illustrates tlie typical morphology of a primary culture in 
Tween-albumin liquid medium of tubercle bacilli recovered from the sputum 
of a patient with pulmonary tuberculosis. The morphological characteristics 
of the virulent bovine strains, Ravenel and Bovine 3S17, are also identical with 
those of the virulent variant of the H37 strain with respect to cord formation 
and strong acid fastness. 

3. Characteristics of Other Completely Aviriilcnt Variants. — ^The two variants, 
JH16Ra and H4Ra, which possess the same very low order of virulence as the 
H37Ra strain, exlribit also identical morphological characteristics with respect 
to their failure to form cords and their low degree of acid fastness in Tween- 
albumin medium. Their colonies on the surface of solid agar media are similar 
to those of H37Ra (see Fig. 5). 

All avirulent variants thus far studied grow somewhat more slowly than do 
the virulent strains in the depth of Tween-albumm liquid media and on the 
surface of agar media. This is correlated with their slower growth on egg media 
(19) . Moreover, it is more difficult to initiate growth of these avirulent variants 
in Tween-albumin medium than is the case witli virulent strains, a fact partic- • 
ularly striking in the case of RlRa, the completely avirulent variant of theRlRv 
stram. These differences may be due to greater susceptibDity of avirulent vari- 
ants to the toxic effect of the unesterified oleic acid which contaminates com- 
mercial preparations of Tween 80 (20). It is worth r.oting, however, that once 
growth of an avirulent variant has been initiated m the Tween-albumin liquid 
medium, it is not difficult to mamtam. . Furthermore, the growth requirements 
of completely avirulent variants have not been observ'’ed by us or by previous 
investigators to be more exacting than tliose of highly virulent parent strains. 

5. Morphological Characteristics of Two Strains of Low Vmilence. — ^The RlRv 
strain and the BCG 317 strain have been found to possess low but definite 
virulence for the mouse. Observations on tire morphology of these strains re- 
veal that they are more acid-fast than the completely avirulent variants but 
less acid-fast than highlj’’ virulent cultures grov.m hr the Tween-albumin me- 
dium. They form cords in liquid medium in the absence of Tween 80 but not 
in media containing more than 0.01 per cent of this substance. Similarly, they 
give rise to flat, spreading colonies with serpentine structure on the surface of 
the albumin-agar medium containing no Tween 80; however, with 0.01 per cent, 
a concentration which has little if any effect on the colonial morphology of the 
fully virulent variants, the colonies of the RlRv and BCG cultures are raised 
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and opaque like those of the completely avimlcnt variants in the presence of 
Tween SO. This effect is illustrated in Figs. 6 a and 6 b and Figs. 7 a and 7 b. 
Finally, BCG and RlRv form on the surface of the liquid medium thin veils 
■which consist of serpentine interconnected cords similar to those of the fully 
virulent strains. 

Thus RlRv and tlie BCG culture which we have studied behave as inter- 
mediates between the avirulent and fully virulent cultures of tubercle bacilli, 
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with respect both to their virulence for the mouse and to their morphological 
properties. 

The accompanying schema (Text-fig. 1) illustrates the observations con- 
cerning the colonial morphology of strains of widely differing virulence on the 
surface of the albumin-agar medium and the differential effect of Tween 80 on 
colonial structure. 


Discxrssiox 

The observations presented here demonstrate that the relative degrees of 
virulence of cultures of mammalian tubercle bacilli for mice correspond closely 
to the virulence of the same strains for guinea pigs. This correlation justifies 
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the use of the mouse for the study of the relative virulence of cultures of these 
microorganisms. 

It has been recorded by many observers that cultures of mammalian tubercle 
bacilli which are virulent for the guinea pig give a spreading, veil-like, growth 
on the surface of liquid media whereas avirulent strains are characteriaed by a 
raised, non-spreading type of growth (1-3, 25-28). Moreover, these same ob- 
servers have shown that when cultures of BCG,- which gave the latter type of 
growth, became dissociated by any technique (resulting in cultures possessing 
virulence of demonstrable degree, the virulent variants e.xhibited spreading 
growth on the surface of liquid media. 

That cultures of mammalian tubercle bacilli can grow in the form of micro- 
scopic serpentine cords has also been frequeiitly observed (21-24). Our obser- 
vations establish a correlation between this characteristic microscopic mor- 
phology and the virulence of the strain. It has been shown, furthermore, that 
the tendency of cultures of virulent tubercle bacilli to spread on the surface of 
liquid media and on solid media is also directly correlated witli their micro- 
scopically demonstrable property of formation of cords. 

It is true that certain rapidly growing non-pathogenic mycobacterial cultures 
can also grow as thin veils and form serpentine cords on the surface of liquid 
media (29, 30). However, these cultures differ in so many other respects from 
pathogenic strains and avirulent variants of the latter that they need not be 
considered here. Although it is possible that there may be discovered, in the 
future, avirulent cultures of slow growing mycobacteria — ^presumably of patho- 
genic origin — exhibiting the morphological characteristics of virulent strains, 
the following generalizations appear justified on the basis of published descrip- 
tions of cultures and of our own studies: On the one hand, all virulent strains 
of mammalian tubercle bacilli are strongly acid-fast and always produce micro- 
scopically demonstrable cords when grown under certain specific, readily re- 
producible cultural conditions. On the other hand, cultures of slow growing 
mycobacteria which fail to form cords under the same cultural conditions and 
which, therefore, grow in the form of heaped, non-spreading, pellicles on die 
surface of liquid media, possess in our experience and in the recorded experience 
of other investigators very low virulence or no demonstrable virulence. Thus 
the ability of cultures of mammalian tubercle bacilli to form cords -under the 
specific conditions of cultivation described here appears to be an essential ac- 
companiment of virulence. It is tempting to postulate that in analogy with 
available knowledge concerning other bacterial species, the gross and micro- 
scopic morphological differences between the cultures of virulent and avirulent 
variants of mammalian tubercle bacilli reflect specific immunochemical differ- 
ences which, when identified, wiU assist hi the understanding of the pathogenesis 
and i mm unology of tuberculous infections. 
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StmiEVRY .VND CONCLUSIONS 

Experimental infection of the mouse can be used for the determination of 
virulence of cultures of manmialian tubercle bacilli. The relative virulence of 
such culturk for the mouse is approximately the same as for the guinea pig. 

Cultures of virulent and avirulent variants of mammahan tubercle bacilli 
grown in the depth of Tween SO-albuinin liquid medium, on the surface of solid 
agar modifications of this medium, and on the surface of a liquid modification 
of this medium e.xhibit consistent morphological differences. All virulent cul- 
tures tend to form microscopically demonstrable serpentine cords of varying 
thickness and length consisting of highly acid-fast bacilli oriented in parallel 
along the long axis of the cord. The formation of cords appears to be an im- 
portant factor in conditioning the ability of cultures to spread on the surface 
of liquid and solid media. It can be ijihibited by the addition to the medium 
of the surface-active \vater-dispersib!e oleic acid ester, Tween 80. Avirulent 
variant bacilli grow in a more or less non-oriented fashion. Tliey have never 
been observed to form cords under any conditioji of grosvth and are much less 
acid-fast than the virulent cultures when grown in Tween-albumin medium. 

Two strains of mammalian tubercle bacilli which are intermediate in degree 
of virulence between the fully \'irulent and the avirulent variants also e.xhibit 
intermediate morphological characteristics. 
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EXPLANATION OF PLATES 

The photographs were made by Mr, Joseph B. Haulenbeek. 

Plate 19 

Fig. 1 a. H37Ra. Ziehl-Neelsen stained smear of a 7 day old culture in liquid 
medium containing 0.02 per cent Tween 80 and 0.5 per cent serum albumin. Note 
the lack of orientation in the arrangement of the cells of this avirulent strain. X 1000; 

Fig. 1 b. H37Rv, Ziehl-Neelsen stained smear of a 7 day old culture in liquid 
medium containmg 0.02 per cent Tween 80 and 0.5 per cent serum albumin. This 
culture was recently isolated from an e.xperimentally infected mouse. Note the 
tendency to the formation of cords. X 1000. 

Fig, 2 a. H37Ra. 12 day old culture on the surface of the agar medium con- 
taining 0.01 per cent Tween 80 and 0.5 per cent serum albumin. The colonies are 
smooth surfaced, raised, and opaque; X 90. 

Fig. 2 b. H37Rv. 12 day old culture on the surface of the agar medium con- 
taining 0.01 per cent Tween 80 and 0.5 per cent serum albumin. The colonies are 
flat and translucent, and have serpentine markings. X 90. 

Fig. 3 a. H37Ra. 12 day old culture on the surface of the agar medium con- 
tainmg 0.5 per cent serum album in and no Tween. Note the non-oriented structure 
of the colonies; the colonies are heaped-up and have little tendency to spr^d out over 
the surface of the medium. X 90. 

Fig. 3 b. H37Rv. 12 day old culture on the surface of the agar medium con- 
taining 0.5 per cent serum albumin and no Tween. The colonies have a serpentine 
structure; cords are visible in the form of loops at the thin undulate margins; and they 
are flat because of their tendency to spread out over the surface of the medium. X 90. 
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Plate 20 

Fig. 4. Ziehl-Neelseii stained smear of a primary culture of sputum in Tween- 
albumin liquid medium. The tubercle bacilli liave grown in the form of intertwined 
serpentine cords in the depth of tlic liquid medium. X 155. 

Fig. 5. H4Ra. Colonies of an avirulent culture of tubercle bacilli on the agar 
medium containing 0.5 per cent albumin and only 0.005 per cent Tween. Even in 
the presence of a very small amount of Tween, smooth and almost hemispherical 
colonies are characteristic of avirulent variants. X 125. 

Fig. 6 a. RlRv. Flat and spreading colonies of a low virulent strain on the 
surface of the agar medium containing 0.5 per cent albumin and no Tween. The 
cord structure of the colonies is visible. X 125. 

Fig. 6 b. RlRv. Colonics on the surface of the agar medium containing 0.5 
per cent albumin and 0.01 per cent Tween 80; for comparison with Fig. 6 a; the small 
amount of Tween has inhibited the formation of cords and the colonies are raised 
like those of avirulent strains growing in the presence of the same amount of Tween. 
X 125. 

Fig. 7 a. BCG 317. Colonies on the surface of the agar medium containing 0.5 
per cent albumin and no Tween. The serpentine structure of the colonies is evident. 
Compare with the colonies of the fully virulent H37Rv culture in Fig. 3 b. X 125. 

Fig. 7 b. BCG 317. Colonies on the surface of the agar medium containing 0.5 
per cent albumin and 0.01 per cent Tween. The presence of a small amount of Tween 
in the medium has inhibited the formation of cords by this strain. The colonics are 
similar to those of the avirulent H37Ra strain in the presence of the same amount 
of Tween (see Fig. 2 a). X 125. 





CHANGES IN THE PLASMA PROTEIN PATTERN (TISELIDS 

ELECTROPHORETIC TECHNIC) OF PATIENTS WITH 
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By LENA A. LEWIS, Pn.D., akd IRVINE H. PAGE, M.D. 

{From the Rtsearch Division of Ike Cleveland Clinic Foundalion, Cleveland) 

(Received ior publication, March 14, 1947) 

The modifications which occur in the plasma proteins in association with 
changes in the arterial blood pressure have been studied only incompletely. 
Variations have been reported in the plasma fibrinogen level with increases 
and decreases in the pressure. Goreckaj' and Berencsi (1) found an increased 
plasma fibrinogen in 15 cases of hj'pertension while Gayet-Hallion, Cuny, and 
Quivy (2) observed lack of correlation between the level of the arterial pressure 
and fibrinogen concentration. Chemical methods for es tima tion of the fibrin- 
ogen were used. It was felt that additional information could be obtained by 
studying the plasma protein pattern by the electrophoresis technic and de- 
termining the relative concentration of the albumin, of a-, p-, y-globulin, and 
fibrinogen. The plasma of patients with essential or malignant hypertension 
was studied and of dogs before, during, and after the development of hyper- 
tension following wrapping of the kidneys in sUk. 

Methods and Materials 

Total plasma piotein was determined by the Pregl modification of the micro-Kjeldahl 
method (3). Potassium oxalate was the anticoagulant used. The fractionation of the 
protdns was done by Longsworth’s (4) modification of the Tiselius electrophoresis 
Phosphate buffer, pH 7.8 was employed, ioiuc strength 0.16. 

Electrophoresis studies were made of the plasma of 10 patients with essential hypertension 
who had no known compb'eations likely to affect the plasma protein distribution. Studies 
were also made- of the plasma of 16 patients with malignant hypertension, classified into 3 
groups according to severity, of the disease; there were 4 patients in group 1, the mildest, 
8 in group 2, and 4 in group 3, the severest. The plasma proteins of 6 dogs were studied 
before and following the development of hypertension induced by wrapping both kidneys in 
silk according to the method of Page (5). Three dogs were studied to determine the effect of 
wrapping of another organ than the kidney, namely, the spleen. 

RESULTS 

The plasma protein pattern of the 10 patients with uncomplicated essential 
hypertension showed as a whole only slight deviations from the normal range 
(Table I). Three of the 10 showed a-glcbulin below normal both in terms of 
grams per ICO ml. and in percentage of total protein. Three showed slightly 
low 7 -globulin in terms of grams per ICO ml., but in terms of percentage of the 
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total were within the normal range. The normal values obtained in this labo- 
ratory have been published in detail- previously. The same conditions as.em- 
ployed in these studies were used (7). 

In contrast with the minimal changes found in the plasma protein pattern 
in essential hypertension, alterations were great (Table II) in the protein 
pattern of patients with relatively severe malignant hypertension (groups 
2, 3) (Fig. 1). The patients in group 1 showed less e.'ctensive alterations. 


T/VBLE I 


Plasma Protein Pattern of Patients -unth Essential Hypertension 
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No single fraction was consistently altered, but each of tlie 4 in group 1 showed 
values outside the normal range in more than one fraction. 

The changes in group 2 were much larger than in the first group. In many 
mstances none of the protein fractions was present in normal concentration. 
Two of the four studies in group 3 were particularly interesting as the electro- 
phoresis pattern showed separation of ai-globulin from the albumin. This 
has never been observed in normal human plasma when phosphate buffer pH 
7.8 is employed, as used in these studies. 

The plasma albumin was decreased in 12 patients and fibrinogen was ele- 
vated beyond the normal range in 14 of the 16 patients with malignant hy- 
pertension. 

• Ten of 12 patients with grade 2 and 3 malignant hypertension showed in- 
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creisecl fi-globulin. 'I'he a.globulin was greatly elevated in some instances 
while in others in the same group abnormally low values vs ere ob.crsul. ^ 

The changes observed in the plasma protein patterns ot the dog= durm„ 



ICC. 


NORMAL 

HUMAN 



SROUP I GROUP 11 SROU? Ill 

MALIGNANT HYPERTENSION 



fl60 see. 5100 see. 

DOS 2-75 


NORMAL HYPERTENSION 

Fig. 1. Electrophoretic patterns of normal human plasma and of plasma of patients nith 
malignant h\T 3 erten 5 ion, and of normal and h>-pertensive dog plasma. Phosphate buUer 
pH 7.S, ionic strength 0.16, O.OOU mho at 2=C. current 22 ma., time indicated under each 
picture. 

development of hjTjertension are summarized in Tables III and R'. Increase 
in 7 -globulin was a consistent finding. In 3 of the 6 dogs, elevation in ^- 
globulin and fibrinogen level was also observed. Xo consistent changes in the 
«!- or as-globulin occurred. 

The plasma protein pattern in 2 of the 3 dogs studied whose spleens were 
wrapped with silk showed no significant alterations from the normal. The 
third dog showed some increase in 7 -globulin and fibrinogen. This may have 
been due to an extensive infection of the lower jaw which developed during the 
period of study. 



TABLE II 

Plasma Protein Pattern of Patients with Malignant Hypertension 
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Blood Pressure and Plasma Protein Studies on Dog 3-41 before, during, and following the Development of Hypertension 
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CHANGES IN PLASMA PROTEIN PATTERN IN HYPERTENSION 



Norma]— before operation (wrapping of kidn^s with silk). 
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DISCUSSION 

The finding of no significant change from normal in the plasma fibrinogen in 
essential hypertension would indicate that no direct relationship existed be- 
tween blood pressure level and fibrinogen concentration. The fact that the 
arglobulin level in the patients with essential hypertension was in the lower 
normal range or actually decreased is interesting, because of the finding of 
Plentl, Page, and Davis (6) that renin substrate has the same electrophoretic 
mobility as arglobulin. 

Other diseases in which a low plasma arglobulin has been observed are un- 
treated myxedema (7) and hypoadrenal activity of pituitary origin (8). In 
both of these a low arterial blood pressure is present. 

The finding of a greatly elevated j3-globulin in many of the patients with 
malignant hypertension suggests that a modified j3-globulin level may be an 
important change coexistent with vascular disease. Among the conditions in 
which an elevated (5-glofaulin level is found are: the nephrotic phase of Bright’s 
disease, terminal glomerular nephritis (9), diabetes (10) when uncontrolled, 
and in controlled patients who have diabetic retinitis and frequently also, 
increased capillary fragility. 

The inaeased ^-globulin was observed consistently in diabetic patients with 
progressing diabetic retinitis. In some of these cases, marked improvement 
in visual acuity and in the eyegrounds occurred following ingestion of a high 
protein diet and satisfactory diabetic control for long periods. Simultaneously, 
the plasma albumin level approached normal levels and in some cases the /S- 
globulin decreased to normal. In the patients who failed to show improve- 
ment in the eye grounds as a result of therapy, no shift toward normal levels 
was observed in the plasma protein pattern. 

The partial separation of ai-globulin from albumin during electrophoresis of 
human plasma, when phosphate buffer pH 7.8 is employed, is observed very 
infrequently. It has never been encountered in normal plasma. In the last 
750 electrophoresis studies carried out on human plasma at the Cleveland 
Clime, 14 showed this phenomenon. In the group of patients were 2 with 
malignant hypertension, 3 with glomerulonephritis, 3 with cirrhosis of the 
liver, 2 with amtaminosis, 3 with lupus erythematosus, and 1 with congestive 
heart failure. In all these the plasma protein pattern was ma.rkedly abnormal 

The fact that little change was observed in the plasma protein pattern of the 
dogs whose spleens were wrapped with silk indicates that production of scar 
tissue induced by foreign irritants in the abdomen is not in itself cause for the 
increased y-globulin observed in the hypertensive animals. There was no 
direct correlation in all cases between the blood pressure and the -/-globulin 
level in the animals with hypertension, however. In one example (dog 3-41) 
the 7 -globulin level was markedly increased when the blood pressure wL only 
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moderately elevated and failed to rise much higher when the pressure rose from 
176 mm. Hg to 198 mm. Hg. It is interesting that the one dog showing marked 
increase in ^-globulin, both in grams per 100 ml. and in percentage of total 
protein, was the animal e.xhibiting the malignant syndrome as evidenced by 
papilledema and detachment of the retinas. Further investigation of this 
phase of the problem is in progress. 

SUMMARY 

The plasma protein pattern of patients with uncomplicated essential hy- 
pertension showed only slight variations from the normal while that of patients 
with severely malignant hyper tension, showed marked shifts. The fibrinogen 
and |3-globulins were usually elevated beyond the normal range and the al- 
bumin decreased. In less severely malignant hypertension, the changes were 
less marked. 

In dogs with experimental renal hypertension, the 7-globulin level was greatly 
elevated, and in one animal exhibiting the malignant syndrome /3-globulin and 
fibrinogen were also increased. 

Elevation of /3-globuhn seems in some manner associated with the occurrence 
of severe vascular disease. 

V 

We wish to thank Dr. Robert D. Taylor for cooperation in sending suitable patients for 
study and Mr. James Clark who rendered valuable technical assistance. 
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THE TOXIC ACTION OF PREPARATIONS CONTAINING THE 
OXYGEN-LiABiLE HEMOLYSIN OF STREPTOCOCCUS 
PYOGENES 

TTT . InDTJCTIOK in illCE OF TeMPORiVRY RESISTi\NCE FO THE 

Lethal Effect of the Toxin* 

By ALAN W. BERJJHEIMER, Ph.D., and G. L. CANTONI, M.D. 

(From the Department of Bacteriology, Ntrs York University College of Medicine, 
Ncio York, and the Department of Pharmacology, Long Island College of 
Medicine, Brooklyn) 

(Received for publication, Alay 15, 1947) 

Streptococcus pyogenes forms a substance which has a toxic action on the 
isolated frog’s heart. The action is not a direct one because a single applica- 
tion of the preparation of toxin, although without obvious effect, causes the 
heart to become sensitive to a second application of the toxin (1). It has been 
shown that the sensitizing action of the first application is accompanied by the 
release from the heart tissues of a protective substance or “toxin inhibitor” 
(2). The to.xin inhibitor is characterized by its capacity to prevent the cardiac 
action of the toxin (systolic contracture) and by its capacity to neutralize the 
lethal factor present in the streptococcal preparation employed (2). There is 
reason to believe that the streptococcal toxin causing these effects is similar 
to, if not identical v/ith streptolysin O, the oxygen-labile hemolysin of strepto- 
cocci. Proof of identity must await preparation of the material in pure form. 

Consideration of the above findings raises the question of whether the in- 
jection of streptococcal toxin into animals produces an effect comparable with 
that observed using the isolated frog’s heart, namely, the release of a toxin 
inhibitor. Assuming that the tissues of an animal respond to the toxin by 
releasing into the circulation an inhibitor, two possibilities present themselves: 
(1) The inhibitor remains in the circulation causing the animal to become re- 
fractory to the subsequent injection of a dose of to.xin lethal for normal mem- 
bers of the species. (2) The release of inhibitor is followed by its removal 
from the blood stream, and by analogy with the isolated frog’s heart, the anirnal 
would become more susceptible than normal to the lethal effect of the tn-rin 
It follows that the injection of a sublethal dose of toxin into mice should 

* This investigatioa was initiated under grants from the Ralph B. Rogers Rheumatic 
Fever Fund and the P arian Foundation for hledical Research. Later, support was received 
also from the Life Insuiance Medical Research Fund and the John and hlary R. Markle 
Foundation. 
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either mcrease or decrease their susceptibility to a second injection of toxin. 
Prelhnuiary experiments designed to demonstrate decreased susceptibility 
were positive while experiments in which the other alternative was tested were 
negative. The e.xperunents demonstrating the existence of a temporary re- 
fractory state in mice following the injection of a sublethal dose of toxin are 
described in this communicatioR. 

Methods and Materials 

The smooth variant of the C203 strain of Streptococcus pyogenes was employed. Concen- 
trates of the hemolysin-containing fraction of culture supemates were prepared according to 
the method previously described (1) with slight modifications. A single batch of toxin 
(No. 783)*- was employed in all the experiments, and following the practice used in previous 
reports it is referred to as SPA (streptococcal preparation A). Unless othenvise indicated, the 
SPA was activated with an equal volume of 1 per cent cysteine for 10 minutes at room tempera- 
ture at pH 6.8 to 7.0. The activated SPA was diluted with sterile saline to the desired volume 
prior to injection into mice. 

Swiss albino mice, strain CFVV, weighing 16 to 20 gm., were employed. The SPA and other 
solutions used were diluted in sterile saline solution to a final volume of 0.4 cc. per mouse. 
Unless otherwise noted, all injections were intravenous. 

EXPERIMENTAL 

Mortality Rate as a Function of Dose. — ^In order to observe the effect of the 
dose on the mortality rate, various amounts of SPA were injected into groups 
of mice. A total of 56 mice was used in this experiment. The results are 
shown in Fig. 1 from which it can be seen tliat the LDeo is 0.015 cc. of SPA. ^ 
Unless otherwise indicated, mice that died within 3 hours were counted as 
deaths; all others as survivals. Although all mice were obsers'^ed for a period 
of at least 72 hours, the 3 hour death time was selected because delay in death 
beyond this time did not commonly occur. 

Induction of Resistance to the Lethal Effect of the Toxin. — ^The effect of a 
sublethal dose of toxin was tested by injecting 22 mice with 0.005 cc. of SPA. 
Twenty-one hours later the mice received a second or “challenge” dose of 0.02 
cc. of SPA. The mortality rate was 7/22 or 32 per cent. The mortality rate 
of 24 mice receiving 0.02 cc. of SPA, but which had not received a preliminary 
injection of SPA was 17/24 or 71 per cent. This experiment has been repeated 
on 4 occasions with similar results (Table I, part A). The average mortality 
rates of the 4 experiments were 29 per cent for SO experimental mice, and 
89 per cent for 62 control mice. The results show that the injection of a sub- 
lethal dose of SPA conferred a significant degree of resistance to the letlial effect 
of the SPA. 

In the course of experiments which extended over a period of several months, 

‘The glutamine used in the cultivation of the streptococci was generously supplied by 
Lederle Laboratories, Inc. 
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there occurred some variation in the mortality rate produced by a constant dose 
of toxin. The variation was presumably due to differences in the susceptibility 
of different lots of mice or to slight changes in potency incurred in the prepara- 
ion of the dialyzed SPA. In order to eliminate this source of error, a dose 
whicli killed 66 to 100 per cent of untreated mice was always employed as the 
challenge dose. The preliminary or sublethal dose, in every case was one- 
fourth as large as the challenge dose. It is probable that the size of the first 
dose is critical for the production of the refractory state. Incidental observa- 
tions suggest that resistance to the toxin fails to develop when the first dose is 
less than 1/4 to 1/6 the challenge dose. 

The Refraclory Slale as a Function of J/we.— Since a sublethal dose of SPA 



Fig. 1. Mortality rate of mice as a function of dose of SPA. 

decreased the susceptibility of mice to a second injection of the same material, 
it was considered of interest to study the refractory state as a function of time. 
Groups of mice were injected with a sublethal dose, and challenged after the 
following intervals of time; 0.5, 3, 6, 12, 21, 28. and 40 hours. The mortality 
rates of these and of corresponding control groups of mice are shown in Table 
I, part B. The development of resistance is delineated by plotting against 
time the mortality rate of experimental mice divided by the mortality rate of 
control mice (Fig. 2). The results show that resistance sets in between 3 and 
6 hours, persists until the 28th hour, and disappears by the 40th hour. 

Nature of the Refractory State and Specificity of Its Induction— It is evident 
from the time relationships that the to.xin-induced protection is not due to anti- 
body formation in the usual sense of the term. As a rule antibodies are not 
detectable until 40 to 60 hours after the first time an animal has been exposed 
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to a given antigen. It is notable that the SPA-incluced protection appears in 
approximately 1/10 this time. Although the rapi(5ity of the response 

TABLE I 


Induction of Refractory State in Mice by Preliminary Injection of a Sublctlial Dose of SPA 


Preliminary treatment 

Cliallcnfic 
dose SPA 

Time interval 
between doses 

No. of mice 
injected 

Mortality rate 

A . Demonstration of refractory state 



/;rj. 


fer cent 

0.005 cc. SPA 


21 

22 

32 

None 

0.020 

— 

24 

71 

0.005 cc. SPA 

0.020 

20 

40 

23 

None 

0.020 

— 

12 

58 

0.007 cc. SPA 

0.028 

23 

20 

SO 

None 

0.028 

— 

20 

100 

0.007 cc. SPA 

0.028 

21 

20 

IS 

None 

0.028 


20 

100 

B. Induction of refractory state as a function 

i of time 


0.007 cc. SPA 

0.028 

0.5 

10 

90 

None 

0.028 

— 

10 

100 

0.007 cc. SPA 

0.028 

3 

16 

100 

None 

1 0.028 

j 


100 

0.007 cc. SPA 

0.028 

6 

20 

35 

None 

0.028 

— 

18 

100 

0.007 cc. SPA 

0.028 

12 

20 

IS 

None 

0.028 

— 

20 

SO 

0.007 cc. SPA 

0.028 

28 

19 

21 

None 

0.028 

— 

IS 

67 

0.005 cc. SPA 

0.020 

40 

20 

75 

None 

0.020 

— 

24 

71 

0.005 cc. SPA 

0.020 

40 

12 

58 

None 

0.020 

— 

12 

67 


is comparable with that of an anamnestic reaction, a specific anamnestic 
response would seem to be ruled out by the temporary nature of the protection 
as well as by failure of imactivated toxin to stimulate protection (Table 11). 
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The work of Dougherty, Chase, and White (3) suggests that the mechanism 
of the non-specific anamnestic response involves the liberation of preformed 



Fig. 2. Development and duration of refractory state. 

antibodies from lymphocytes, the release occurring through the operation of a 
hormonal mechanism. The results of these investigators led us to test adrenal 
cortical extract and benzene for their capacity to induce refractoriness, the lat ter 
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having been shown to bring mto play the necessary endocrine response.' Both 
agents failed to induce the refractory state (Table 11). The results indicate 
that refractoriness depends upon neither newly formed nor preformed antibody. 

Specificity of the Refractory State. — series of experiments were conducted 
in order to find out whether the resistance induced by SPA was directed only 
toward SPA or to other toxic agents as w'ell. For the most part, agents were 
chosen which were cardiotoxic and hemolytic and therefore had pharmacologi- 
cal activity more or less similar to that of SPA. Since the refractory state 
lasts only 30 to 40 hours it was necessary to choose agents that produced death 

> TABLE II 


Failure of Refractory Stale to Appear after Injection of Unactivaled SPA, Benzene, or Adrenal 

Cortical Extract 


Preliminary treatment 

Challenge 
dose SPA 

Time interval 
betn'cen doses 

No. of mice 
injected 

Mortality rate 


CC, 

hrs. 


fer cent 

0.007 cc. SPA* 


23 

19 

84 

0.007 cc. 0.5 per cent cysteine 


23 

20 

SO 

None 


— 

20 

100 

0.003 cc. benzenej: 


21 

20 

100 

None 

0.028 

— 

30 

1 93 

0.2S cc. adrenal cortical steroids in 

1 



1 

oil§ 

0.028 

20 

11 

79 

None 

0.028 


16 

100 

0.005 cc. SPAil 

0.020 

21 

22 

32 

None 

0.020 

— 

24 

71 


* SPA not activated with cysteine. 

t Injected subcutaneously; all other injections were intravenous. 

§ Kindly supplied by Dr. G. Upjohn, Kalamazoo, Michigan. 

II The mortality rate of this group of mice forms part of Table I, part A. 

within a few hours after injection of small doses. The dose of each agent kill- 
ing between 50 and 100 per cent of normal mice was determined. This 
amount of each agent was injected into normal mice and into mice prepared by a 
preliminary injection of the standard sublethal dose of SPA. The mortality 
rates and survival times of the various groups of mice are shown in Table III. 

Inspection of Table III reveals that SPA failed to decrease the susceptibility 
of mice to the lethal effect of Cl. septicum toxin, Shigella paradyseiiteriae endo- 
toxin, ricin, Bothrops schlegelii venom, tyrocidine, and sodium taurocholate. 
The results with Cl. welchii alpha toxin were less clear cut. Although there was 
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no difference in the mortality rates of normal mice and treated mice, the latter, 
when challenged with alpha toxin, survived somewhat longer than normal mice. 
The findings indicate that the refractormess developing in mice injected with 
streptococcal toxin is in general directed specifically against the homologous 
toxin. However, as shown in the subsequent section, cross-refractoriness 
occurs with saponin. 

Experiments Using Saponin . — A curious and une.\pected relationship was 
revealed whenonice injected with a sublethal dose of SPA were later challenged 
with a lethal dose of saponin. Mice treated in this way exhibited a degree of 
refractoriness to saponin comparable to that which had been found to develop 
against SPA itself (Table III). It is apparent, therefore, that the protective 
mechanism is effective against botli saponin and SPA. E.xperiments were then 
carried out to determine whether a sublethal dose of saponin confers protection 
against a lethal dose of saponin, and also whetlier resistance to SPA can be in- 
duced by the injection of a sublethal dose of saponin. 

Forty mice were injected with 0.1 mg. saponin. Twenty hours later, half of 
these mice were challenged witli 0.25 mg. saponin and half with 0.028 cc. of 
SPA. Only 2 of the 20 mice which had been pretreated with saponin were 
killed by 0.25 mg. saponin while all of 20 normal mice were killed by 0.25 mg. 
saponin. Of tlie 20 mice which were pretreated with saponin and challenged 
with SPA, 80 per cent died as compared with 100 per cent of normal mice. 
However, as Table III shows, 75 per cent of tlie pretreated mice survived longer 
tlian 1 hour while 100 per cent of the normal mice sui^dved less than 15 minutes. 
In summary, the results show that a sublethal dose of either SPA or sapo- 
nin induces refractoriness to the effect of a lethal dose of either SPA or sap- 
onin. The results of e.xperiments in which the cardiotoxic actions of SPA and 
saponin were compared, form the subject of a separate communication (5). 

DISCUSSION 

* / 

Following the injection of a sublethal dose of a toxic preparation from Strep- 
tococcus pyogenes, there develops in mice a state of increased resistance to tlie 
lethal effect of the preparation. The increased resistance is characterized by' 
three features: (1) The resistance manifests itself quickly (3 to 6 hours) and is 
of temporary duration (30 hours). (2) The degree of protection is relatively 
small. (3) The refractoriness exhibits a considerable degree of specificity. 

The development of resistance in animals following e.xposure to mjuiy has 
been repeatedly described in connection with investigations of the physiological 
and pharmacological effects of a wide variety of chemical and physical agents. 
Many of these observations have been reviewed in connection with what has 
been* termed “the alarm reaction” which is said to be part of a “general adapta- 
tion syndrome” (6). The alarm reaction is defined as “the sum of all non- 
specific systemic phenomena elicited by sudden e.xposure to stimuli to which 
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the organism is quantitatively or qualitatively not adapted.” The refractory 
state which we have studied is relatively specific. Whether or not it depends 
upon “non-specific systemic phenomena,” we cannot say. So far as we are 
aware, resistance of the type described in this report has seldom been obsen.'ed 
in connection with bacterial toxins. 

A temporarily increased resistance of pigeons to the effect of a lethal dose of 
the venom of Crotalus adamanlais has been described by Kyes, Markin, and 
Graham (7). The increased resistance was induced by the injection of a sub- 
lethal dose of the venom. The similarity in time relationships and the degree 
of resistance described by these authors suggest that the refractoriness observed 
by them in pigeons and that observed by us in mice may depend upon compar- 
able phj'siological processes. 

The mechanism underlying the development of the refractory state is ob- 
scure. It was considered worthwhile to compare the erythrocytes of normal 
mice with those of refractory im'ce for sensitivity to the hemolytic action of SPA, 
particularly in view of the fact that increased resistance of erythrocytes to 
lysis is said (8) to follow the injection of certain hemolytic agents. No differ- 
ence was found between the sensitivity to SPA of erythrocytes of normal mice 
and erythrocytes of refractory mice. Similarly, the antihemolytic action of 
plasma of normal mice was found to be no less than that of the plasma of refrac- 
tory mice. As was pointed out in the introduction, the experiments with mice 
were undertajren in anticipation of the possibility that exposure of mice to a 
sublethal dose of SPA might give rise to the appearance of an SPA inhibitor in 
the blood stream. Although the findings can be explained by assuming that 
an SPA inhibitor is present in the circulating blood, e.xperiments designed to 
reveal the presence of the inhibitor have been negative. It is possible that the 
increase in resistance reflects changes in the state of the serum lipids and that 
the tests thus far performed are not adequate to detect such changes. In this 
connection, it is notable that the toxic actions of both SPA (1) and saponin (9) 
are inhibited by cholesterol. There also remains the possibility that the refrac- 
- toriness is not due to a humoral mechanism at all, but depends upon a less- 
ened sensitivity of the tissues of the heart or other organs upon which the tnyin 
acts. 

The chief implications of the findings reported are: (a) there exists in the 
mouse an “antitoxic” mecham'sm which is dependent upon processes distinct 
from those commonly accepted as underlying immunological phenomena; (6) 
the mode of action of saponin and streptococcal toxin may be fundamentally 
similar. 

^t would be of interest to know whether bacterial toxins other than those in- 
vestigated can also induce refractoriness, and whether other species of mainmalg 
are capable of developing resistance comparable in specificity to that shown by 
the mouse. 
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SUMiDVRY 

1. The susceptibility of mice to the lethal efliect of preparations containing 
the oxygen-labile hemolysin (streptolysin 0) of group A hemolytic streptococci 
has been studied. Injection of a single sublethal dose of the streptococcal 
preparation causes the development of resistance to the effect of a lethal dose 
injected subsequently. 

2. Resistance is demonstrable 3 to 6 hours after the injection of the strepto- 
coccal preparation, persists for approximately 30 hours, and then disappears. 

3. Resistance induced by the streptococcal preparation, although relatively 
specific, is directed not only against the streptococcal preparation but also 
against saponin. Mice made refractory to the streptococcal preparation and 
to saponin exliibit normal susceptibility to a number of other toxic agents, with 
the possible exception of the alpha toxin of Cl. welchii. 

4. Mice injected with a sublethal dose of saponin develop resistance to the 
effect of a lethal dose of either saponin or the streptococcal preparation. 

5. Resistance depends upon processes distinct from those underlying classical 
antitoxic immunity. 
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It is well established that healthy mice may harbor in their lungs one or 
more viruses in a latent state and it has been shown that various non-specific 
stimuli may serve to provoke or activate these agents with the result that 
infection develops (1). As a consequence, a number of experimental manip- 
ulations, espedally those in which native material of animal origin foreign to 
the host are injected, may incur the risk of inadvertent provocation of a latent 
virus. Since infection of mice with mammalian tubercle bacilli can result in 
chronic disease, it appeared possible that the course of tuberculous infection 
in these animals might be influenced by the concurrent development of in- 
fection with a latent virus. It would be important to know, therefore, whether 
viral infection of the lungs of mice, if superimposed upon infection with tubercle 
bacilli, can alter the course and outcome of the infection caused by the bac- 
terium alone. 

It is the purpose of this paper to present the results of experiments in which 
mice given tubercle bacilli intraperitoneally were also given small amounts of 
either pneumonia virus of mice (PVAI) or influenza A virus (PR8) intrana- 
sally. It will be shown that, following infection with either of these pneumo- 
tropic viruses, tuberculous lesions in the lungs of mice develop more rapidly 
and become more extensive than in control animals infected only with tubercle 
bacilli. 


Methods 

Tubercle Bacillus . — One mammalian strain of tubercle bacillus, H37RV, was used. It 
u as maintained in liquid culture in Tween-albumin medium and frequently was passed through 
mice (2, 3). The virulence for mice of H37RV maintained in this manner has been found to 
be constant (3). Throu^out this study 7-day-old cultures in Tween-albumin liquid medium 
were emplo>ed; they contained approximately 10’ to 10’ living microorganisms per cc. As 
routine, the bacteria were injected by the intraperitoneal route in a total volume of 0.20 
to 0.25 cc. Undiluted culture or culture diluted to varying degrees in sterile Tween-albumin 
me^um was emplo> ed as indicated in the text. The quantity of tubercle bacilli injected is 
indicated in the tables in terms of the amount of culture present in the inoculum. 
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FtVfwcj. — Pneumonia virus of mice (PVM), strain 15 (4), and the PR8 strain (5) of in- 
fluenza A virus were employed. Each virus was maintained by occasional lung passage in 
Swiss mice and suspensions of infected mouse lungs were stored at —70°C. As routine, 
the desired virus was diluted in broth containing 10 per cent normal horse serum and given 
by the intranasal route in a volume of 0.05 cc. to eacli mouse under light ether anesthesia. 
The quantity of virus inoculated was calculated from the 50 per cent ma-vimum score end 
point (t.e., M.S.SO) (6) which, prior to the experiment, was determined in mice of the strain 
employed. In certain experiments an amount of virus equal to 1 M.S.50 dose was used; 
in others, still smaller amounts were employed and they arc mdicated in the tables as frac- 
tional parts of 1 M.S.50. 

Mice . — ^Two strains of albino mice were used. One, tire so called Rockefeller Institute 
strain, was employed in Experiments 1 and 2; the other, a strain of Swiss mice obtained from 
a commercial breeder, ‘ was employed in E.xpcriments 3 to 7. The age of mice at the time of 
inoculation was 4 to 5 weeks. During the experimental period the mice were kept in glass 
Jars, 5 to 6 animals in each, and were fed a diet of white bread and milk. It is important 
to emphasize that the composition of the diet has a marked influence on the course and out- 
come of tuberculous infection (7). The susceptibility of Rockefeller Institute and Swiss 
strains of mice to infection with tubercle bacilli, H37RV, was similar. The two strams of 
mice showed, however, different susceptibilities to infection with PVM. The M.S.50 end 
point with PVM was, therefore, determined by separate titrations in each strain of mice 
and the amount of virus given was calculated from the results obtained in mice of the same 
strain. In Experiments 1 to 3 an observation period of 3 w'ceks was employed; in E.xperiments 
4 to 7 the observation period was extended to 6 weeks. 

Pulmonary Lesions . — Followmg an observation period of desired duration, all surviving 
mice were killed and their lungs examined for the presence of tuberculous lesions. Mice 
which died within 2 weeks following inoculation with either virus were discarded. Mice 
which died later than 2 weeks after inoculation and showed extensive tuberculous lesions in 
their lungs were included in the experimental results. The lungs from numerous mice in 
both the experimental and control groups were fixed, sectioned, and studied under the 
microscope. Pulmonary lesions induced either by PVil or PRS are very different from those 
caused by tubercle bacilli and the latter can be distinguished readily on gross examination. 
In the present study interest centered entirely on the tuberculous lesions in the lungs of mice. 
To facilitate the presentation of results and to express the extent of the tuberculous lesions 
observed, the following notation was adopted: 0 = lungs which showed no gross tuberculous 
lesions; ± = lungs which showed small reddish spots or tiny hemorrhagic areas which could 
not definitely be considered to be of tuberculous origin on gross examination; -p = lungs 
which showed one or two readily visible tuberculous lesions; H — h to -p-l — 1 — h = lungs which 
showed in increasing number and extent distinct tuberculous lesions ranging from large circum- 
scribed lesions to innumerable smaller lesions which filled almost the entire lung field; 
D-i — 1 — I — h = lungs of mice which died with extensive tuberculous lesions more than 2 weeks 
after inoculation. For the purpose of this study ail lungs which showed tuberculous lesions 
that were assigned a value of -j- or more were included as positive in the analysis of the re- 
sults. 

To express in a single figure all of the results obtained in a group of mice the lung lesion 
score ratio was determined in a manner analogous to that employed previously for lesions 
induced with pneumotropic viruses (6). For this purpose results ranging from -f to 
D-1 — 1 — 1 — h were given corresponding numerical values from 1 to 5. The sum of the numerical 
scores obtained for a group of animals was divided by the maximum possible score {i.e., the 
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number of mice in the group, multiplied by 5). The result is given in the tables as the lung 
lesion score ratio. This ratio possesses tlie advantage that it espressos not only the frequency 
but also the estent of tuberculous pulmonarj- lesions observed in a given group of animals. 
For example, in a group of mice which showed no lesions the score ratio would be 0.0, whereas 
in a group all of which died ^Yith -1 — 1 — 1 — h lesions, the score ratio would be 1.0. 

experhient^vl 

SimttUaneous Infection with Tubercle Bacilli and PVM . — ^Experiments were 
carried out to determine whether the course of tuberculous infection in mice 
would be altered by a superimposed infection with PVil when the bacterium 
and the virus were given almost simultaneously. Pierce, Dubos, and Middle- 
brook (3) showed previously that albino mice infected intraperitoneally with 
0.20 to 0.25 cc. of undiluted culture of tubercle bacilli in Tween-albumin 
medium showed very few pulmonary lesions during an observation period of 
3 weeks. However, extensive pulmonary lesions and often death of the mice 
resulted from the injection of the same quantity of tubercle bacilli when egg 
jmlk was added to the inoculum. 

Three different experiments (Nos. 1, 2, and 3) were carried out during a period of 4 months. 
In Experiments 1 and 2 the Roctefeller Institute strain of mice was employed; in Experiment 
3 Swiss mice were employed. Each mouse was infected intraperitoneally with 0.20 or 0.25 
cc. of undiluted culture of tubercle bacilli; in addition, half of the mice in each experiment 
were inoculated intranasally with PVM. Vims and bacteria were pven on the same day. 
The amount of virus given was equivalent to 1 M.S.50 dose, an amount which is sufSdent 
to cause, on the average, consolidation of approximately 50 per cent of the lung in each mouse. 
The observation period was 3 weeks. At the end of that time all surviving mice were kilted 
and their lungs examined for the presence of gross tuberculous lesions. 

The results are showu in Table I. It was found that in mice which received 
tubercle bacilli alone, 17 per cent showed p ulm onary lesions (score ratio = 
0.061) clearly demonstrable iu the gross, whereas in mice which received 
tubercle bacilli and PVAI (1 M.S.50) 73 per cent showed definite tuberculous 
lung lesions with a score ratio of 0.329. These findings indicate clearly that, 
under the experimental conditions employed, a superimposed infection with 
PVAI led to a striking increase in pulmonary lesions associated with tubercle 
bacilli. It should be emphasized that the chief effect of concomitant infection 
with PVM appeared to be in accelerating the rate of the tuberculous infection 
in the lung. If mice in similarly infected control groups were observed for 
6 weeks , the percentage which showed gross tuberculous pulmonary lesions 
was considerably increased. 

The amount of PVM given in the experiments described above led to the 
development of relatively extensive viral pneumonia. It was of interest to 
determine whether amounts of virus sufficiently small to induce h'ttle or no 
pneumonia also would show a similar effect on the tuberculous process in 
the lungs. 
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Experiments were carried out both in Rockefeller Institute and Swiss strains of mice. 
The cultures of tubercle bacilli and the amounts given intraperitoneally were identical to 
those described above. The experiments {i.e., 2a, 3a, and 3b) were carried out simultaneously 
with Experiments 2 and 3. One group of mice were given, simultaneously with the injection 
of tubercle bacilli, an amount of PVM equivalent to 0.1 M.S.SO dose; rivo other groups were 
given an amount of PVM equivalent to 0.01 M.S.SO dose. 0.1 M.S.SO dose of PVM induces 


TABLE I 

The Effect of Simidlaneotts Inoculation with Tubercle Bacilli and Either PVM or PR8 on the 
Development of Tuberculous Pulmonary Lesions in Mice 
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• In the tables I.P. = intraperitoncal inoculation. 


only small lesions in the lungs of mice but is capable of causing some evidence of pneumonia 
in the large majority of inoculated animals. 0.01 M.S.SO dose of PVM induces very tiny 
lesions and, moreover, only a small percentage of inoculated animals show any evidence of 
pneumonia (8). The observation period in these experiments was 3 weeks. Animals which 
survived were then killed and their lungs examined as described above. 

The results are summarized in Table I. It will be seen that 69 per cent of 
mice which received 0.1 M.S.SO dose of PVM showed gross tuberculous pul- 
monary lesions (score ratio = 0.417) and that 43 per cent of mice which re- 
ceived 0.01 M.S.SO dose of PVM showed similar lesions with a score ratio of 
0.189. When these results are compared with those obtained in mice which 
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were given tubercle bacilli but no virus, it appears evident that concomitant 
infection with very small amounts of P\rM led to a definite increase in tuber- 
culous lesions in the lungs. Comparison with the results obtained in mice 
which were given 1 hX.S.oO dose of virus sho\\*s that a tenfold decrease m the 
amount of virus inoculated did not decrease the effects of the viral infection 
on the course of the tuberculous infection. A decrease of 100-fold in tbe 
amount of virus inoculated caused some decrease in the effect but even this 
very small amount of virus was capable of causing a significant increase in the 
incidence of tuberculous lesions in the lung. 

The Effect of Intranasal Instillation of Serim.—Hhe. virus employed in the 
experiments described above was diluted in broth containing normal horse 
serum which had been heated at S6°C. for 30 minutes. To determine whether 
intranasal inoculation with this diluent itself had any effect on the tuberculous 
process, a further experiment was carried out. 

In Experiment 2b mice received 0.2 cc. of culture of tubercle bacilli intraperitoneally and 
also were given, by the intranasal route, 0.05 cc. of 10 per cent heated normal horse serum in 
broth. The animals were killed 3 weeks later and their lungs examined. 

The results are shotvn in Table I. It was found that 27 per cent of the- 
animals showed gross tuberculous pulmonary lesions with a score ratio of 
0.053, a result which is not significantly different from that obtained in control 
a nima ls given tubercle bacilli alone and no further inoculation. 

In addition, the effect of tbe intxanasal instillation of fresh human serum 
was determined. This was done because recent work in this laboratory has 
shown that fresh human serum is effective as a stimulus for the provocation 
of latent in mouse limgs. 

Simultaneously with the mtmperitoneal injection of 0.25 cc. of undiluted culture of tubercle 
bacilli, mice in Experiment 3c were given intranasally 0.05 cc. of fresh human serum diluted 
1 :2 in saline. They were observed for 3 weeks, following which their Jungs were examined. 

The results are presented in Table I. It will be noted that 83 per cent of 
mice showed gross tuberculous pulmonary lesions with a score ratio of 0.334. 
Because of the length of the observation period and the fact that PVIM is not 
demonstrable in mouse lungs later than 12 days after infection (9), it was not 
possible to prove directly in this experiment that latent actually had 
been provoked in the mice infected with tubercle bacUii. There is, however 
little reason to doubt that this occurred inasmuch as it was shown that the 
serum used was effective as a provoking stimulus for latent PVhl in the strain 
of Swiss mice employed in the experiment. It seems probable, therefore 
that the activation of latent in the mouse lung results in an effect upon 
the tuberculous process which is similar to that induced by intranasal inocula- 
tion of the virus. 
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The Ejffect of Inlranasal hioculalioii with Influenza A Virus. — ^Because 
concomitant infection with PVM alters the course of pulmonary infection 
with tubercle bacilli in mice, it became of interest to determine whether in- 
fection with a different pneumotropic virus would cause a similar effect. For 
these experiments the PR8 strain of influenza A virus was employed. 

In Experiment 3d mice were given 0.25 cc. intraperitoneally of undiluted culture of tubercle 
bacilli. In addition, one group of mice received intranasally an amount of PR8 equivalent 
to 1 M.S.50 dose. The observation period was 3 weeks. 

The results are shown in Table I. It will be observed that 45 per cent of 
the mice which received both PR8 and tubercle bacilli showed gross tubercu- 
lous pulmonary lesions with a score ratio of 0.273. This result indicated that 
a superimposed infection with PR8 was capable of enhancing pulmonary 
tuberculosis in mice in a manner analogous to infection induced with PVM. 

Injection with Tubercle Bacilli Followed by Infection with Either PVM or 
PR8. — In the experiments described above the inoculations were almost 
simultaneous whenever both tubercle bacilli and a pneumotropic virus were 
given. Further experiments were performed to determine whether infection 
with either of the viruses would influence the tuberculous pulmonary lesions 
even when initiated several weeks after injection of tubercle bacilli. 

As has been shown, when 0.20 or 0.25 cc. of undiluted culture of tubercle 
bacilli was given intraperitoneally, a small percentage of mice developed gross 
pulmonary lesions during a period of 3 weeks. However, when animals m- 
fected in this manner were held for 6 weeks, the incidence of gross tuberculous 
lesions was increased considerably. In the present experiments it appeared 
desirable to extend the observation period to 6 weeks and, as a consequence, 
it was necessary to reduce markedly the quantity of tubercle bacilli injected. 
Preliminary experiments indicated that witli the strain of mice used an inocu- 
lum equivalent to 0.005 cc. or less of culture would be suitable for the purpose 
of this study. 

Two experiments (Nos. 4 and 5) were carried out in Swiss mice during a period of S months. 
In both experiments all mice were given 0.005 cc. of culture of tubercle bacilli intraperitoneally. 
Three weeks later the animals were divided into groups of appro.ximately equal size. One 
group was given intranasally an amount of PR8 equivalent to 1 AI.S.50 dose, another group 
was given intranasally an amount of PVM equivalent to 0.1 M.S.50 dose, and two groups 
received no second inoculation. Three weeks after inoculation with either virus, i.c. 6 weeks 
after inoculation with tubercle bacilli, the mice were killed and their lungs e.xamined as in 
previous experiments. 

The results are shown in Table II. It will be seen that among control mice 
given tubercle bacilli but not inoculated with either virus, 22 per cent showed 
gross tuberculous pulmonary lesions with a score ratio of 0.094. Among 
mice which received PR8 3 weeks after inoculation with tubercle bacilli, 61 
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per cent showed similar pulmonary lesions (score ratio == 0.238), whereas 
among mice given PVil under analogous conditions, 73 per cent showed gross 
pulmonary tuberculosis (score ratio = 0.572). 


Ti\BLE II 

The EJca\f InacAition -xilh EUher PVlf or PRS Virus FollmAni Infection uHh Tubercle 
Bacilli on the Dccdopmenl of Tuberculous Pulmonary Lesions in Mice 
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Furtker eiperimeats were carried out with evea smaller amounts of tubercle bacilli. In 
E:cperimeats 6 and 7 Swiss mice were given intraperitoneally 0.000,5 and 0.000,05 cc., respec- 
tively, of cultme of tubercle badllL Three weeks later the animak in each esperiment were 
divided into three groups. One group served as controls and did not receive a second inocula- 
tioa. Another group was inoculated intranasally with PRS equivalent to 1 iI.S.50 dose, 
and the last group received PYhl in a dose of 0.1 M.S.50. Three weeks after the virus inocula- 
tion, i.ff. 6 weeks after inoculation with tubercle bacilli, all mice were killed and their lungs 
examined. 

results are shown also in Table H. It was found that among control 
mice which received 0.000,5 or 0.000,05 cc. of cmlture of tubercle bacilli alone, 
17 and 12 per cent, respectively, (score ratios = 0.078 and 0.067) showed 
gross tuberculous pulmonary lesions at the end of the 6 weeks observation 
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period. Among animals given 0,000,5 cc. of tubercle bacilli and PR8 or PVM 
3 weeks later, 55 and 67 per cent, respectively (score ratios = 0.311 and 0,345) 
showed similar lesions. However, among mice which received only 0.000,05 cc. 
of tubercle bacilli and were inoculated w’ith either pneumotropic virus 3 weeks 
later, the incidence of tuberculous pulmonary lesions was not significantly 
different from that found in control animals. These results indicate that 
pulmonary infection with either PVM or PRS, when superimposed upon 
tuberculous infection previously initiated by relatively small inocula, increases 
both the incidence and the extent of gross tuberculous lesions in the lungs of 
mice. When, however, the inoculum of tubercle bacilli was sufficiently small 
{i.e., 0.000,05 cc.), neither virus caused a definite alteration in the course of the 
tuberculous process during the relatively short observation period employed. 

Histology of Pulmonary Lesions. — ^Pierce, Dubos, and Middlebrook (3) have 
shown that the intraperitoneal inoculation of mice with a sufficient amount of 
tubercle bacilli causes pulmonary lesions, enlargement of the spleen, and of the 
abdominal and thoracic l3nnph nodes. In the present study, as was stated 
earlier, it was the tuberculous pulmonary lesions which were of chief interest. 

Lxings obtained from mice given tubercle bacilli alone, and from animals also inoculated 
with either PVM or PR8, were studied histologically. Lungs which sliowed, in the gross, 
lesions of varying extent were selected from different groups of mice in several experiments. 
They were fi.xed promptly eitlier in Zenker’s fluid or in formalin. Numerous sections were 
prepared for microscopic examination; some were stained with hematoxylin and eosin and 
other parallel sections were stained by the Ziehl-Neelsen technique. 

Microscopic examination showed that all mice given tubercle bacilli intra- 
peritoneally developed evidence of some tuberculous infection of the lungs. 
This was found to be the case irrespective of the amount of tubercle bacilli in- 
oculated, No evidence of significant qualitative differences in the tuberculous 
lesions was found in the lungs of mice which received tubercle bacilli and either 
PVM or PRS as compared with those which received tubercle bacilli alone. 
However, hi agreement with the gross findings, striking quantitative differences 
were observed. The lungs of animals infected both with tubercle bacilli and a 
pneumotropic virus showed, in general, more numerous and more extensive 
tuberculous lesions than did control animals infected only with tubercle bacilli. 

It was found that the liistological findings in different lungs, which on gross 
e.xamination had been assigned similar lesion scores {i.e., from 0 to -1 — H+d") 
according to the notation described above, corresponded reasonably well one 
with another. Moreover, it appeared that the e.xtent of the lesions visible in 
the gross reflected fairly closely the degree of pathological alteration demonstra- 
ble on microscopic examination. 

In lungs which showed no gross tuberculous lesions {i.e., = 0) only occasional 
submiliary tubercles were seen. These lesions were composed largely of 
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epithelioid cells and were situated inlerstilially, usually iii perivascular or 
peribronchial areas. Intiltration with Kmphocj'tes and plasma cells was 
minimal. (Fig. 1.) The number of tubercles present varied somewhat but 
usually 2 to 6 were found in a section of such a lung. In lungs winch showed 
db lesions in tlie gross, the microscopic picture was but little different. The 
tubercles were a little larger and usually infiltration with Ijanphocytes was more 
pronounced. In lungs which showed + to — h lesions on gross exami- 

nation, definite miliarj’ tubercles were present. These were usually composed 
of a number of small confluent tubercles which were often situated in peri- 
bronchial or perivascular areas. Epithelioid cells were predominant and 
there was some infiltration with Ij^mphocytes and a few plasma cells. (Fig. 2.) 
At the periphery of such lesions and in the adj’acent lung tissue a caseous 
pneumonic process was often present. The alveoli in these areas were filled 
with exudate which cpntained desquamated and degenerating cells. If the 
tubercle was large, true necrosis was found at its center. (Fig. 3.) One or 
more bronchi were often invaded by the process. In such instances tuberciflous 
bronchitis was present and the bronchial lumen was filled with e.xudate, desqua- 
mated and necrotic cells. When tubercles were present near the surface of the 
lung, the pleura was invaded frequently and localized pleuritis occurred. 

In sections stained to show acid-fast microorganisms no tubercle bacilli could 
be demonstrated in the small submiliary tubercles. However, in the large 
tubercles, when neaosis was present, tubercle bacilli were vdsualized and 
sometimes were present in tremendous numbers. (Fig. 4.) Cultures of the 
lungs were made in certain instances and tubercle bacilli were obtained regu- 
larly even from lungs which showed no gross lesions. It should be mentioned 
that in no instance was it possible to find typical multinuclear giant cells in the 
tuberculous lesions. The histological findings demonstrated clearly that the 
lesions observed on gross examination of the Irmgs were tuberculous in nature. 
(Figs. 5 and 6.) 


DISCUSSION 

The e-wdence obtained in this study indicates that the course of experimental 
infection with tubercle bacilli in mice is altered by concurrent or superimposed 
infection with either of two pneumotropic viruses. The chief effect of the viral 
infections appears to be an acceleration of the tuberculous pulmonary process. 
In control a n i ma ls which were given tubercle bacilli but were not inoculated 
with either virus, gross evidence of pulmonary tuberculosis developed in a 
small but appreciable proportion of instances. If mice were inoculated with 
very snmU amounts of a pneumotropic virus (f.e., or PR8) in addition 
to the injection of tubercle badlh, the frequency of the occurrence of gross 
pulmonary tuberculosis was increased strikingly. 
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Microscopic study of the lesions present in the lungs confirmed the gross 
observations. In all lungs examined some evidence of an active tuberculous 
infection was found. The differences observed were quantitative, not quaU- 
tative, in character; in the lungs of control animals, as a rule, only a few small 
tubercles were present, whereas in the lungs of animals with a superimposed 
viral infection there were, in general, more and larger tubercles. 

It appears of considerable interest that infection with viruses, as different 
one from another as are PVM and PR8, should have similar accelerating effects 
upon the course of pulmonary tuberculosis in mice. Not only are PVM and 
PR8 wholly unrelated immunologically but also they are of very different size; 
present evidence indicates that the dimensions of the virus particles of PR8 are 
of the order of 2.5 times greater than those of PVM (10, 11). Moreover, the 
rates of multiphcation of the two viruses in the mouse lung are diss imil ar; with 
PR8 multiphcation is very rapid, and maximal titers usually are reached within 
24 hours or less of inoculation (12); with PVM the multiphcation rate is slow, 
and maximal titers usuahy are not reached until 6 days or more after inocu- 
lation (9). However, the pathological alterations which develop in the lungs 
of mice infected with PVM or PR8 are in many respects closely shnilar, and it 
is very doubtful whether lesions induced by one virus can be differentiated from 
those induced by the other on the basis of histological findings. 

It seems probable that the observed effects on the course of pulmonary tu- 
berculosis in mice of superimposed infection with either of the pneumot opic 
viruses studied are to be attributed to alterations induced in the lung as a 
result of viral activi y and not to any hypothetical action on the tubercle 
bacillus itself. Even when extremely small quantities of PVM (i.e., 0.01 
M.S.50 dose) are given, it can be shown that infection with and multiplication 
of the virus occur despite the fact that no demonstrable puhnonary lesions or 
only occasional very minute lesions develop (4). Thus it appears that such 
small virus inocula may lead to the development of alterations in the normal 
physiology of the lung and that one expression of the abnormal status so induced 
may be a relatively increased susceptibility, or decreased resistance, to local 
invasion by tubercle bacilli. The available evidence suggests that tubercle 
bacilli find, in the lung infected with small amounts of either PVM or PR8, 
conditions which are more favorable for growth and for the rapid production 
of gross pulmonary lesions than are present m the normal lung. 

The results obtained indicate that the tuberculous process in the mouse lung 
can be augmented significantly when a minimal viral infection is initiated even 
as late as 3 weeks after the injection of relatively small amounts of tubercle 
bacilli. In this manner it is possible, by experimental means, to convert a 
mild and but slowly progressing tuberculous infection, which would lead to the 
development of gross pulmonary lesions in only a small proportion of animals 
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under the conditions employed, into a distinctly more serious and rapidly pro- 
gressive disease which results in the appearance of gross pulmonary lesions in 
a large proportion of animals. 


SmOEVRY 

The course of pulmonar}' tuberculosis in the mouse appears to be accelerated 
as a result of concurrent infection of the lung with either of two pneumotropic 
viruses. This effect is obtained with virus inocula sufEciently small as to 
induce little or no definite sdral pneumonia. 
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C0NCX7RRENT lOTECTION, IN AHCE 


EXPLANATION OF PLATES 

The photographs were all made by Mr. Joseph B. Haulenbeek, 

Plate 21 

Fig. 1. Section of the lung of a mouse which was given tubercle bacilli intraperi- 
toneaUy 6 weeks previously. Hematoxylin and eosin stain. Note absence of gross 
tuberculous lesions (score =0). X 9. 

Fig. 2, Section of the lung of a mouse of the same strain which was given tubercle 
bacilli intraperitoneally and PVM intranasally 3 weeks previously. Hematoxylin 
and eosin stain. Note numerous large tuberculous lesions (score == 4- + +). X 9. 

Fig, 3. Section of the lung of a mouse whicJi was given tubercle bacilli intraperi- 
toneally 6 weeks previously and PVM intranasally 3 weeks later. Hemato.xylin and 
eosin stain. Note large tuberculous lesions (score = + + +). X 9. 

Fig. 4. Section of a tubercle in a mouse similar to that shown in Fig. 2. Ziehl- 
Neelsen stain. Note large number of acid-fast bacilli. X 1000. 
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PLATE 21 



(Volkert el al- Concurrent iniection in mice) 



Plate 22 


Fig. 5. Section of a submiliary tubercle in the lung of a mouse which was given 
tubercle bacilli intraperitoneally 6 weeks previously. Hemato.xylin and eosin stain. 
X 275. 

Fig. 6. Section of a tubercle in the lung of a mouse which was given tubercle bacilli 
intraperitoneally and PVM intranasally 3 weeks previously. Hemato.\ylin and 
eosin stain. Note central necrosis. X 275. 
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TEE BINDING OF FATTY ACIDS BY SERUM .ALBUMIN, 

A PROTECTII'E GROWTH FACTOR IN 
BACTERIOLOGIC^VL MEDIA 

. Bv BERNAVRD D. D.-WTS,* M.D., .vvo RENTS J. DUBOS, Pir.D. 

(from ihc Laboratories of The Rockefeller Inslituiefor Medical Research) 
(Rcccis'cd for publication, June 3, 1947) 

It has been reported from tliis laboratory that while poIyo.\j’cthylene sorbitan 
monooleate (marketed under the trade mark. Tween S0‘) facilitates submerged 
growth of tubercle bacilli in liquid media, initiation of growth by small inocula 
requires addition of scrum albumin (1, 2). Other workers, using media without 
Tween, had previously noted that this protein promotes growth of tubercle 
bacilli (3, 4); in addition, whole serum has been employed for many years in a 
variety of media designed for the cultivation of tubercle bacilli and other 
bacteria. 

At first we assumed that albumin, like most knowm growth factors, con- 
tributed a nutrilite which was absorbed by the tubercle bacilli. After studying 
the mechanism of action of albumin, however, it was reported briefly (5) that 
some improvement in growth of small inocula was provided by the addition to 
the medium of albumin within a cellophane bag, even though this prevented 
contact between the bacteria and the protein; addition to the medium of the 
dialysate of albumin, however, was without effect. These observations were 
taken to indicate the presence in the medium of a dialyzable inhibitor which 
was bound to albumin. Subsequent work, published in a preliminary note (6), 
showed that the chief inhibitor against which albumin protects the tubercle 
bacilli is unesterified oleic acid present in the commerical product Tween 80, 
and further released from it during incubation. 

Since oleic acid was not found to dialyze freely through cellophane, the 
interpretation of the earlier dialysis e.-eperiments is open to some doubt. 
Nevertheless, the conclusion, drawn from them, that albumin acts protectively 
by binding, not only is confirmed but is much more strikingly demonstrated by 
experiments involving albumin and oleic acid. These latter experiments wili 
be described in the present paper, along with evidence that Tween SO, when 
freed of unesterified oleic acid, is not only non-toxic but even protective. 

EXPEHJMENXAL 

Methods 

Bacteriologicai experiments were performed as previously described (2), using 5 ml. of 
medium in a metal-capped wide test tube (25 X 250 mm.). The medium consisted of a 

’Tuberculosis Control Division, United States PubKc Health Service. 

^ Furnished through the courtesy of the Atlas Powder Company, WDmingtoa- 
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mineral mkture buffered by phosphate at pH 7.0, enzymatic casein hydrolysate, Vege-t (yeast 
autolysate), and Tween 80 (0.05 per cent unless otherwise specified). After autoclaving 
at 120° for 10 minutes and addition of sterile glucose, 5 per cent neutralized bovine serum 
albumin (fraction V) (7), sterilized by filtration, was added aseptically to yield a final con- 
centration of 0.1 per cent (unless otherwise specified). The other protein solutions tested 
were also sterilized by passage through sintered glass filters (Coming UF) and added asep- 
tically. After inoculation the tubes were incubated at 37°C. The inoculum was a standard 
laboratory strain of a human tubercle bacillus, H37Rv, which had been grown for many pas- 
sages in this Tween-albumin medium. The size of the inocula designated in the tables rep- 
resents volumes of a 7 to 10 day old culture containing appro.ximately 1 mg. of moist organisms 
(0.2 mg. dry weight) per ml. Growth is recorded in the tables in terms of a visual estimate 
ranging from 0 (no visible growth) to +-{— f-f- (full growth, approximately 2 mg. moist weight 
per ml.). 

The oleic acid used was a commercial preparation (Eimer and Amend). The bovine 
serum albumins (fraction V and crystalline albumin) were obtained from the Armour Labora- 
tories.- 


Promolion of Growth by Undenatured Albumin 

The favorable effect of serum albumin on the growth of small inocula of the 
tubercle bacillus was not produced by comparable concentrations of a variety 
of other proteins: serum globulins (fractions II, III-l, and IV-1), gelatin, 
protamine, casein, ovalbumin, gliadin, or edestin. A very slight effect was 
exerted by /3-lactoglobulin. Growth was promoted by serum albumin following 
dialysis, but not by its dialysate or by serum albumin following trypsin hydro- 
lysis (sufficient to remove approximately 90 per cent of its precipitability by 
trichloracetic acid); in this connection appropriate control experiments were 
carried out to determine that the loss of growth promotion following trypsin 
hydrolysis was not caused by any bacteriostatic effect of the trypsin or the 
hydrolysate. Finally, the property of facilitating growth was shown to be 
destroyed following heating of 5 per cent albumin to 100°C., whether the 
albumin was coagulated or was heated under conditions which avoided coagu- 
lation (neutralized, no salt added). Heating to 56°C. for 30 minutes, however, 
did not destroy the property. Some of these e.xperiments are presented in 
Table I. 

It was concluded that the binding property depends upon the native, un- 
denatured configuration of the albumin molecule. Since it seemed imlikely 
that a bacterium could derive specific nutritive benefit from a whole protein 
molecule, the thought arose that the albumin, which is known to bind a variety 

^ Crystalline hen ovalbumin was furnished through the kindness of Dr. Gertrude Perlraann, 
and crystalline /3-lactogIobulin (prepared by Dr. G. Plaugaard) through the kindness of Dr. 
William Stein, of The Rockefeller Institute for Medical Research. The products of human 
plasma fractionation employed in this work were furnished tlirough the kindness of the Depart- 
ment of Physical Che.mistry, Harvard Medical Scliool, and were developed under contract, 
recommended by the Committee on Medical Researcli, between the Office of Scientific Re- 
search and Development and Harvard University. 
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of small molecules (S~10), might be functioning as a pioteclive rather than a 
nutritive growtlr factor. 

Prolcclion by Albumin against Oleic Acid 

When it was found that 3 per cent of the oleic acid in commercial Tween 80 
(0.6 per cent of the Tween by weight) is unesterihed (6, 11) and that the tubercle 
bacillus is sensitive to e.xtremely low concentrations of free oleic acid (12) 

T.VBLE I 


Ejjcct of Varioiis Proteins on Gro'sth of Ttihcrcle Bacilli in a Medium 
Containing 0.05 Per Certt Unpurified T'xeen SO 




Inoculum (mout ncisht) 

SobiUoce added 

Concentration 

lir^jn^. j 




GcoTrth at 15 days 

Control 

^pppP|H|l 

0 

0 

Bovine crystalline albumin 


++++ 

++ 

Bovine albumin (fraction V) 


++++ 

++ 

Trypsin-digested bovine albumm 

0.2 

0 

0 

Trypsin-digested bovine albumin 

0.5 

0 

0 

Trypsin-digested bovine albumin -j- undigested 
bovine albumin 

0.2 

-f-0.2 

'++++ 

-|"r 

Dialyzed bovine albumin 

0.2 

++++ 

+-r 

Human albumin (fraction V) 

0.2 

-r++± 


Human globulin (fraction H) 

0.2 

0 

0 

Human globulin (fraction H) 

0.5 

0 

0 

Ovalbumin 

0.2 

0 

0 

Ovalbumin 

0.5 

0 

0 

Bovine albumin heated to 56°. 

0.2 

++++ 

+-f- 

Bovine albumm heated to 100° 

0.2 

0 

0 


(small inocula being sensitive to less than 1 ng- per ml. — tf. Table IV), ex- 
periments were undertaken to test whether oleic acid might be the substance 
against which albumin protects the tubercle bacillus. Table II shows that 
albumin in a wide range of concentration will protect very small inocula of 
tubercle bacilli against oleic acid up to 1 per cent of the weight of albumin, and 
moderate inocula against 2 per cent. From these results it can be calculated 
that the concentration of albumin present in the usual medium (0.1 per cent) 
is ^sily capable of protecting the organism against the concentration of oleic 
acid (3 ixg. per ml.) which is introduced by the addition to the medium of 0.05 
per cent Tween 80. 
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Albmuin similarly protected tubercle bacilli against the toxic effect of added 
stearic acid. 


TABLE II 


Protection by Scrum Albumin against the Bacteriostatic Eject of Oleic 
Acid on Tubercle Bacilli 




Inoculum (moist weight) 

Oleic acid 

Albumin 

10~* mg. 

10"* mg. 

10'<mg. 



Growth at 14 days 

per cent 

per cent - 



Medium containing 0.05 per cent Tween 80 


0 

0.1 

++++ 

++++ 

++ 

0.001 

0 

++++ 

0 

0 


0.05 

++++ 

++± 

0 

' 

' 0.1 

1 

++++ 

H — 1 — 1 — h 

0 

0.002 

0.05 

++++ 

0 

0 


0.1 

++++ 

++ 

0 


0.2 

++++ 

^^1^ IP. ^ 

+ 

0.004 

0.1 

++++ 

0 

0 


0.2 

++++ 

+++ 

0 


0.4 

++++ 

■1 . II. . ■ j.. 

++ 

O.OOS 

0.2 

0 

0 

0 


0.4 

++++ 

H — 1 — h 

0 


0.8 

++++ 

H — 1 — 1 — h 



1.6 

+-f++ 

++++ 

+± 

0.016 

0.4 



0 

0 


0.8 

-1 — 1 — 1 — f- 

+++ 

— 


1.6 

-i — i — ! — h 

+ -1 — 1 — (- 

0 


Medium without Tween 80 


0.00-4 

0.1 

0 

0 

0 


0.2 

H — 1 — i — h 

+++ 

+ 


0.4 

d — HH — h 

+++ 

+ 


Growth in the medium without Tween was llocculent, so the figures are not comparable 
to those obtained in the medium with Tween. 


Eliinimlion of Baclerioslatic Effect of Tween SO by Purification 

Altliough the bacteriostatic property of the commercial product Tween 80 
could thus be accounted for by its content of free oleic acid, direct proof that 
the Tween SO molecule itself is not bacteriostatic required the preparation of 
material essentially free from fatty acid. The method of purification is de- 
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scribed in another paper (11); it yields a product containing less than 0.1 per 
cent imesterified oleic acid by weight. Table HI shows that this purified 
Tween 80 is non-to.\ic for tubercle bacilli in high concentrations. From the 
data of Table IV, in the ne-xt section, it may be seen that inocula as small as 
10“' mg. will grow in the presence of 0.05 per cent purified Tween 80 without 
addition of albumin. 

The purification of Tween SO has been indispensable for elucidating the 
mechanism of action of albumin, but it is not anticipated that the use of puri- 
fied Tween 80 will replace the inclusion of albumin in the medium for most 


TABLE in 

Eliminulwii of Bacleriostctic Effect of T-xecn SO by Purificclioti 


Tween SO 

Icoculom (aolit wel^t) 

10-> na. 

KT* 10*. 

10-» mg. 

Growth at 9 days 

^tr ctni 

1 

! 



Unpuiified Tween, no albumin 


0.05 



diz 

0.1 

-h-f-l- 

+ 

0 

0.2 

+++ 

0 

0 

0.4 

+++ 

0 

0 

0.8 

+++ 

1 0 

0 


Fatty add-free Tween, no albumin 


0.05 

++± i 

-hi 

— 

0.1 

+++ 



0.2 

H — 1 — i- 

4*+ 1 

+iiz 

0.4 

+++ 

++ 

+=fc 

0.8 

++-f± 

++ 

T± 


XJnpurified Tween, 0.1 per cent albumin 


0.05 

1 

++± 

1 -hi 


purposes. Not only is it difficult to avoid traces of fatty acids, but the spon- 
taneous hydrolysis of Tween 80 (11) is so fast that minima l inocula (10~® mg. 
moist weight, 2 to 3 cells) cannot develop in the absence of albumin, even with 
freshly purified Tween 80. 

While the bacteriostatic action of Tween 80 on the tubercle bacillus is entirely 
esplamed by its content of unesterified oleic acid, there are miknown bacterio- 
static factors in some of the other Tweens. Several lots of Tween 60, for 
example, the analogous ester of stearic acid, yielded barely detectable amoimts 
of fiee fatty acid (approximately as much as Tween 80), yet these lots varied 
widely in their mhibitory effect on small inocula of the tubercle bacillus. It 
was determined that added stearic acid was quantitatively recovered from 
Tween 60 solution by the analytical method, and that stearic acid is less toxic 
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to the tubercle bacillus than oleic acid. The toxic effect of certain lots of Tween 
60, then, is not due to their content of free fatty acid. It may be noted here 
that hydrogen peroxide is used in the manufacture of the Tweens. 


TABLE IV 


Protection by Tween 80 against the Bacteriostatic Effect of Oleic Acid on Tubercle Bacilli 


Fatty 
add-free 
Tween 80 

Oleic add 

Inoculum (moiat weight) 

io-» 

10-» 

I0-* 

lo-i 

10-s 

lO-fjng. 

Growth at IS days 

per cent 


1 

1 

1 

1 

1 

! 




No albumin 




0 

' 0 i 

++ 

+ 1 

+ 

±- 

0 

0 


1 

0 

0 i 

0 

0 

0 

0 


3 

0 

0 

0 

0 

0 

0 


10 

0 

0 

0 

0 

0 

0 

0.01 

0 

— 

+++ 

++ 

++ 

d-± 

+ 


1 1 

— 

+++ 

++ . 

+± 

d- 

d: 


3 


± 

0 

0 

0 

0 


10 

1 

— 

0 

0 

0 

1 

0 

0 

o.os 

0 


+++± 

+++ 

++ 

++ 

d-d- 


1 

— 

+++± 

+++ 

++ 

d-± 

d- 


3 

+++± 

-1 — 1 — hi 

+++ 

+± 

d-rt 

db 


10 

0 

0 

0 

0 

0 

0 

0.2 

0 

++++ 

++++ 

+++± 

— 

d-d- 

d-d- 


1 

++++ 

++++ 

-J — h+± 

++± 

d-d- 

d- 


3 

— 

++++ 

d — 1 — hi 

d — b 

+=t 

d- 


10 

++++ 


0 

0 

0 

0 



0.1 per cent albumin 




0.05 

1 

++++ 

++++ ’ 

++++ 

1 +++ 1 

d-d-± j 

d-d- 


Protection by Tween 80 against Oleic Acid 

The “fatty acid-free” Tween 80 actually retains appro.ximately ^ the free 
fatty acid origioally present; i.e., 0.06 per cent by weight of oleic acid (6, 11). 
Nevertheless, when the to.xic concentration -of this purified material was sought, 
it was foimd that even 0.8 per cent purified Tween 80 showed no inhibitory 
effect on growth (Table HI), in contrast to the marked effect of the smaller 
amount of free fatty acid in 0.05 per cent tmpurified Tween 80. This phenome- 
non was explained by the observation that Tween 80 itself offers a certain 
amoimt of protection against the inhibitory effect of free oleic acid (Table IV). 
The Tween 80 presumably combines reversibly with free fatty acid, as does 
sermn .alb umin , but is less effective per unit concentration than the albumin. 
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Because of this protective effect, Tween SO need not be absolutely free of un- 
esterified acid in order to be effectively fatty acid-free for bacteriological work; 
it need only have a proportion of fatty acid to ester which is below a certain 
critical level. Baker, Harrison, and Miller (13) have likewise shorvn that an 
unionized surface active agent rather similar to the Tweens (Dcmal, a mLvture 
of polyglycerol esters) , and natural phospholipids as well, prevent inhibition of 
bacterial metabolism and sterilization by either cationic or anionic synthetic 
detergents. 

That there is some sort of interaction between Tween and fatty acids could 
be predicted from the capacity of Tween to disp>erse large amounts of fatty 
acids and various other lipids in clear solution in water. 

Effect of Albumin on Surface Grffwth 

When a tube of Long’s synthetic medium (which contains no Tween) was 
inoculated for surface growth by transfer of a small piece of pellicle of the 
tuberde bacillus H37Rv grown for 4 weeks on the same medium, grov?th at the 
edge of the inoculum was first visible in 4 to 6 days. When 0.1 per cent serum 
albumin was added to this medium, pellicle growth %vas initiated much more 
rapidly, being visible within 2 to 3 days of inoculation. It appears likely that 
the delay and occasional failure in the initiation of surface growth on simply 
synthetic media may be due to contamination by traces of fatty acid. The 
delay may be accounted for by the observation that tubercle bacilli can absorb 
and presumably metabolize fatty adds in bacteriostatic concentrations, and 
then multiply after elimination of this excess of fatty add (13 a). 

The addition of oleic acid as well as albumin finther slightly stimulated 
surface growth. This observation parallels the stimulating effect of long chain 
fatty acids, in the presence of albumin, on other modes of growth of tubercle 
badlli, submerged in a liquid medium or on the smface of a solid medium (12). 

It appears unlikely that the addition of alb umin would be of practical value 
in the preparation of tuberculin, for which surface cultmres of the tubercle 
bacillus are largely used, since the inclusion of a foreign protein would be un- 
desirable and the use of very large inocula permits quite regular initiation of 
growth. 


Binding Capacity of Serum Albumin for Oleic Acid 

(o) Bacteriological. — With fatty add-free Tween 80 it was possible to study 
quantitatively the binding capacity of albumin for oleic acid in the medium. 
Table II showed that serum albumin is able, over a wide concentration range 
(0.1 to 1.6 per cent), to bind 1 to 2 per cent of its weight of oleic acid firmly 
enough to neutralize the bacteriostatic effect of the fatty acid. This cor- 
r^ponds to 3 to 6 molecules of oleic acid (molecular weight 282) per molecule 
of albmnin (molecular weight 70.000). 
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While these bacteriological studies clearly suggest that serum albumin can 
bind oleic acid in the proportion indicated, an element of uncertainty arises 
from the possibib'ty that (o) the ratio obtained may represent a competition for 
the surface of the bacteria, rather than a physicochemical equilibrium in ho- 
mogeneous solution; and (b) albumin, oleic acid, or impurities in either may 
have unknown effects on the metabolism of the tubercle bacillus which influence 
the result. The interaction between albumin and oleic acid was therefore 
studied by two further methods: inhibition of the hemolytic effect of oleic acid 
on red blood cells, and inhibition of the opalescence of emulsions of oleic acid. 

(b) Hemolytic . — Table V shows that serum albumin protects red cells from 
hemolysis by oleic acid, and that the amount of fatty acid bound by the albumin 
is between 2 and 4 per cent, somewhat larger than that observed in the bacteri- 
ological experiments described above. Crystalline jS-lactoglobulin protected 
the red cells from ^ to ^ as much oleic acid as did serum albumin; ovalbumin, 
protamine, and gelatin offered no protection. 

Tween 80 proved to be approximately as effective as albumin in protecting 
red cells from hemolysis dining incubation with added oleic acid for 30 minutes 
at 37°C.; however. Tween 80 itself was very hemolytic when the incubation 
was continued overnight in the refrigerator. 

No further effort was made to refine the hemolytic method, which may be 
capable of much greater precision than is indicated by Table V. It was ob- 
served that sheep red cells demand a rather large amount of oleic acid 
(approximately 1 per cent of the weight of cells) to produce hemolysis. The 
sensitivity of the method as a test for unbound oleic acid is consequently 
greater the lower the concentration of red cells. 

(c) Chemical . — It was not found possible to attain dialysis equihbrium with 
oleic acid across a cellophane membrane; the binding of oleic acid by albumin 
could therefore not be measured by this method, as had been done with various 
other compounds bound by albumin (8, 14, 15). Another thermodynamically 
sound metliod of measuring the interaction, however, is the increase in solu- 
bility of oleic acid in the presence of albumin. Since exceedingly small amounts 
of sodium oleate become opalescent when added to a neutral phosphate buffer, 
the binding capacity of serum albumin may be simply estimated by measuring 
the ratio of oleic acid to albumin which produces opalescence at various albumin 
concentrations. 

This principle is illustrated in Table V, which indicates not only the effect of 
albumin on hemolysis, but the clarity or opalescence of the mixtures of oleate 
and albumin before addition of red cells. It is seen that the binding capacity 
of albumin is between 2 and 4 per cent, the variation depending on the roughness 
of serological dilutions. Further experiments indicated a binding capacity of 
approximately 3 per cent, as judged by the e.xtinction of opalescence. This value 
corresponds to a ratio of approximately 9 molecules of oleic acid (molecular 
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weight 2S2) per molecule of serum albumin (molecular weight 70,000), ^ It may 
be noted tliat the binding capacity of albumin observed in the bacteriological 
tests was only 3 to 6 molecules of oleic acid. The discrepanc>’ is not surprising, 
since (1) the bound oleic acid is undoubtedly in equilibrium with free acid, the 
concentration of free acid increasing with increasing saturation of the protein, 
and (2) the bacteria are apparently sensitive to a lower concentration of free 
acid than that found in an aqueous solution in equilibrium with an excess of 
solute (as indicated by opalescence). 

T.ABLE V 

Proicctim by Scrum Albumin against Hemolysis by Oleic Acid 
Fresh sheep red blood cells were washed 4 times in neutral phosphate-saline buffer (0.14 it 
XaCl, 0.02 n phosphate, pH 7.0), and suspended in this buffer in a concentration of 0.4 per 
cent by volume. .4. 1 per cent solution of oleic add in dilute XaOH was neutrah'aed with 
concentrated HCi to incipient turbidity. Bovine scrum albumin (fraction V) was neutralized 
in 5 per cent solution. Dilutions of the albumin and the olcate solutions were prepared in 
the phosphate-saline buffer. Volumes of 0.5 ml. of the albumin dilutions were added to I.O 
ml . of the oleate dilutions in small test tubes; 0.5 ml. of the red cell suspension was added, 
and the tubes were incubated in a 37°C. water bath for 30 minutes. In this eapeiiment the 
results indicated were unchanged after further incubation overnight in the refrigerator, 
although in some other experiments certain borderline tubes developed hemolysis overnight. 
The concentrations noted are the final concentrations in the mixtures. Also indicated in the 
table is the clarity or opalescence of each mixture of albumin and oleic acid before addition 
of red cells. 

_ . Concentratioa of oleate, itr cent 

Coaces tiation 


of alhtimm 

a. 05 

0.02 

0.01 

O.DOS 

0.003 

Pzr cznt 

1.0 

0(cl) 

0(cl) 

0(cl) 

0(d) 

0(cl) 

0.5 

H(op) 

H(op) 

0(cl) 

0(d) 

0(cl) 

0.25 

— 

— 

0(cl) 

0(d) 

0(d) 

0.1 

— 

— 

H(op) 

H(op) 

0(d) 

0.05 

— 



H(op) 

H(op) 

0(d) 


H = hemolysis. 

0 = no hemoli-sis. 

op = opalescent mixture of oleate and albumin, 
cl = clear mixture of oleate and albumin. 

Serum albtwain has a greater capacity for tightly binding long chain fatty 
adds than any other substances tested. Human serum globulin (fraction 11), 
protamine, gelatin, and crystalline ovalbumin, tested in 3 per cent solution, 
had no efiect on the opalescence of oleic acid. This absence of binding explains 
the earlier observation that these proteins exerted no beneficial efiect on the 
cultivation of tubercle bacilli. Crystalline /3-lactoglobulin quenched the opal- 
escence of approximately half as much oleic acid per unit weight of protein as 
did serum albumin. 
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DISCUSSION 

It has been established that the predominant if not the only r61e of serum 
albumin in permitting initiation of growth of tubercle bacilli by small inocula 
is to function as a protective rather than a nutritive growth factor.® In the 
media imder present consideration the growth inhibitor bound by the albumin 
is free oleic acid, largely contributed by the Tween 80. Similarly, Gould, 
Kane, and Mueller (17) have recently reported that starch promotes growth of 
gonococci on solid media by binding traces of an inhibitor present in the agar; 
this hihibitor was found by Ley and Mueller (18) to be oleic acid. It is now 
possible to interpret in terms of a protective growth factor the older observation 
of Uyei (19) that the value of potato extract in media for the diagnostic culti- 
vation of tubercle bacilli is due to the soluble starch present in this extract. 
The affinity of starch for fatty acids (20) is probably less than that of albumin, 
for we have not found starch nearly as effective as albumin in promoting growth 
of tubercle bacilli in solid media containing Tween 80. 

The binding property of serum albumin undoubtedly contributes to the 
value of blood, serum, or ascitic fluid in various “enriched” media. The com- 
mercial availability of pure serum albumin now permits better controlled 
utilization of this property. Since fatty acids are ubiquitous contaminants of 
glassware, cotton plugs, and reagents, and since many bacteria (particularly 
Gram-positive and acid-fast species) are very sensitive to fatty acids, it appears 
probable that the property of albumin here described will be useful in obtainiag 
reproducible growth or growth from minimal inocula of organisms other tlian 
the tubercle bacillus. In the field of microbiological assay of vitamins and 
amino acids, for instance, it has been pointed out that irregularities in the 
growth response of Lactobacilhis casei are frequently caused by contamination 
by fatty acids (21, p. 85). Indeed, even outside the domain of bacteriology it 
has been obseiwed by Clarke (22) that commercial Tween 80 depresses tlie 
respiration of red blood cells parasitized by Plasmodia] the toxic effect may 
either be corrected by the addition of serum albumin or avoided by the use of 
fatty acid-free Tween 80. 

The reversible binding of fatty acids by albumin permits the fatty acids to 
serve as nutrient growth factors which enhance the growth of tubercle bacilli 
(especially of the, avian type) and other bacteria (12), whereas in the absence 

’ The initiation of growth is facilitated equally well by crystalline bovine serum albumin, 
but the less pure amorphous fraction V also lias a further slight enhancing effect on the richness 
of growth which has been traced to a heat-stable, dialyzable factor (12). In addition to its 
desirable effects, fraction V has the undesirable property of rendering the medium unstable 
through the contamination of the albumin by a trace of lipase, whicli slowly hydrolyzes the 
Tween and releases free oleic acid. The lipase may be inactivated by heating the albumin 
at 56°C. for 30 minutes, which does not destroy the desirable binding property of the albumin, 
or by adding NaF. The albumin then permits regular initiation of growth by smaller inocula 
(two bacterial cells) than have otherwise been effective (16). 



BEHNVVKD D. DA\aS vVND SE>-E J. DWJOS 


225 


of albumin tlic fatty acid is bacteriostatic. The albumin apparently “buffers” 
the fatty acid so that the concentration of free fatty acid is very low, below the 
bacteriostatic level, while the bound acid constitutes a reserve which replaces 
the fatty acid withdrawn by tlie bacteria. Esterification of the fatty acid 
plaj-s a similar role, except that it appears possible that the bacterium absorbs 
the free fatty acid in the one case, and the ester in the other (16). 

In this study serum albumin has seiwed as a useful chenucal reagent, now 
conveniently available as a result of the wartime plasma fractionation program. 
But the implications of the results presented here are not limited to the field 
of microbial nutrition, for albumin is a substance of biological origin. The 
relative imiqueness of this property of albumin must be stressed, 6-lactoglobulin 
being the only other protein found so far to show even a fraction of the same 
affinity. This uniqueness has also been reported for the weaker interaction of 
albumin with short chain fatty acids (23), and is probably true of its inter- 
actions with many other organic anions, including sulfonamides (14), anionic 
dyes (15), and a variety of drugs and other compounds (reviewed in &-10). 
Since fatty acids are physiologically the most important members of the group 
of bindable substances studied thus far, considerations of teleology (or, more 
precisely, of evolutional^' survival value) suggest that this property of albumin 
probably serves a useful physiological function, such as transport of materials 
in the blood and protection of animal cells against to-xic effects of various 
substances (e.g., hemolysis by free fatty acids). The combination of cytoto-xic 
and nutritive properties of fatty acids, and the modification of the balance of 
these properties by serum albumin, may find quite a close analogy in the 
animal organism to the effects observed in bacteriological culture media. 

-The physiological significance of the binding capacity of serum albumin has 
been discussed in greater detail elsewhere (10). The affinity of serum albumin 
for chemotherapeutic agents with anionic groups is of special practical im- 
portance. The failure of a large munber of bacteriostatic substances (in- 
cluding fatty adds) to be effective chemotherapeutic agents in vivo can be 
attributed partly to their affinity for serum albumin. One caimot overempha- 
size the importance of including serum or albumin in the medium when testing 
potential chemotherapeutic agents in vitro. The inefficacy of penicillin K 
in vivo, for instance, as compared with penicillins G, F, and X, (all having been 
standardized in vitro in the absence of albumin), has recently been accounted 
for by the much greater extent to which serum albumin binds penicillin X 
(24, 24 a). In connection with the pr^ent work it is of interest to point out 
that the penicdlins consist essentially of a hydrocarbon chain or ring separated 
by a pair of unusual heterocyclic rings from a carboxyl group. Penicillin K, 
wffich is bound appro.ximately 8 times as extensively as penicillin dihydro F, 
differs from the latter simply by having two more carbon atoms on its hydro- 
carbon chain; i.e., resembling a longer chain fatty add. 
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Although the inhibitory effect of serum on the antibacterial and hemolytic 
action of soaps was observed at least as early as 1907 (25-27), and the inter- 
action of proteins with drugs, indicator dyes, etc., has been known to biologists 
for decades, it is only in very recent years that these reversible reactions have 
begun to be seriously used as physicochemical tools for stud 3 dng protein 
structure (15, 28). Our knowledge of the structures responsible for these 
reactions is as yet exceedingly scanty. The failure of certain proteins to bind 
oleic acid cannot be ascribed to the lack of any known components of serum 
albumin. The special capacity of albumin therefore implies the presence on 
the surface of the molecule of regions where the specific configmation of the 
amino acid residues leads to interaction with the fatty acid. This view is 
supported by the fact that binding demands the native, undenatured con- 
figuration of the albumin. 

The type of configuration which might be predicted to be suitable for binding 
a long chain fatty acid would be a quaternary nitrogen atom, binding the 
oppositely charged carboxyl ion, adjacent to several non-polar residues which 
would attract the non-polar chain of the fatty acid by van der Waals forces, 
Since the most distinctive feature of the composition of serum albumin is its 
unusually high content of lysine and leucine, it is tentatively suggested that 
albumin may have a number of lysine residues each of which is adjacent to 
several leucine or other non-polar residues. (For a similar suggestion, 29.) 
The importance of the regions adjacent to the quaternary nitrogen is empha- 
sized by the absence of binding by the basic protein protamine, whicli contains 
approximately 90 per cent arginine and hence an abundance of quaternary 

' nitrogens. 

■. The assumption that the quaternary nitrogen of lysine is involved in the 
binding is strengthened by the observation of KJotz (28) that pH affects tlie 
binding of anionic dyes by albumin only in the region (above pH 9) where the 
e-amino nitrogen of lysine loses its charge. Only a fraction of the approxi- 
mately 60 lysine groups of albumin would be needed to account for the binding 
of 9 oleic acid molecules. Indeed, until further information is obtained, we 
caimot be certain that as many as 9 binding sites are present on each albumin 
molecule, for the tendency of fatty acids to form micelles in aqueous solution 
may also apply to their interaction with albumin. This seems unlikely, how- 
ever, in the very dilute solutions under consideration. The binding of shorter 
chain fatty acids by albumin, although less tight, is also reported to involve at 
least 9 molecules, in ultrafiltrates from 0.005 M caprylate (30). 

It must be emphasized that the data reported here are crude, judged by the 
standards of physical chemistry, and serve to measure only the order of magni- 
tude of the interaction. Precise chemical experiments did not seem warranted 
at this stage, since our purpose was to compare the chemical results with the 
bacteriological data, which had already been obtained with commercial oleic 
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acid, a notoriously impure product, and with Tween 80 manufactured from 
such material, ifore precise e.xperiments on the binding of long chain fatty 
acids by serum albumin are planned. 

StJiliLUlY 

Serum albumin is a protective bacterial growth factor; by binding traces of 
fatty acid in the media it permits initiation of growth by the smallest possible 
inocula of tubercle bacilli. Each molecule of albumin binds 3 to 6 molecules 
of oleic acid (1 to 2 per cent of the weight of the albunun) tightly enough to 
prevent bacteriostasis, and 9 molecules of oleic add in equilibrium with a 
saturated neutral solution. The property requires undenatured albumin. 
Crystalline ^-lactoglobulin has a smaller capacity, and a number of other 
proteins no perceptible capadty to bind oleic acid. 

The inhibitory eSect of the commercial product Tween 80 (polyoxyethylene 
sorbitan monooleate) on the growth of small inocula of tubercle bacilli in liquid 
media is caused by its content of unesterified oleic acid (0.6 per cent by weight), 
Purified Tween SO, freed of this contaminating fatty acid, not only permits 
growth of small inocula, but protects against small amounts of added oleic add. 

The implications of the binding capacity of albumin for its possible physio* 
logical significance in the animal body (transport; protection against 
cytotoxins), and for the structure of the protein, are briefly discussed. 
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Chicken mites (fiermanysstis gallinae) collected in several localities in St- 
Louis County have been found to be infected with the virus of St. Louis en- 
cephalitis (1, 2). The infection is probably permanent since congenital trans- 
fer of the virus in these mites has been demonstrated. Persistence of the virus 
in nature is indicated likewise by isolation of the virus from mites collected at a 
single site at intervals of 6, 8, and 16 weeks and by persistence of the virus for 
many months in laboratory colonies, one established with mites found infected 
in nature (31 months) and one established with experimentally infected mites 
(21 months). Experimental infection of mites from a homogeneous colony 
of uninfected mites derived from a single female, was accomplished by aUow- 
ing them to feed on chickens having viremia following subcutaneous inocula- 
tion of the virus. Transovarian passage in these e.xperimentally infected mites 
has been demonstrated (3). 

However, before these observations can be considered significant in the epi- 
demiology of St. Louis encephalitis, it is necessary to show that infected mites 
are capable of transferring the virus of St. Louis encephalitis to chickens and 
that such chickens can serve as the source of virus for a blood-sucking vector. 
The present paper reports findings which show that infected mites, both those 
found infected in nature and those infected experimentally in the laboratory, 
are capable of producing viremia in chickens by bite and that these chickens 
in turn can serve as a source of the St. Louis virus for the infection of mites. 

Materials 

Mite Colonies Free of the St. Louis E/tcephclilis Virus . — ^The colonies of uninfected mites 
(Dermanyssus gallinae) used in this investigation were subcolonies from a homogeneous parent 
colony, shown by repeated tests to be free from the virus of St. Louis encephalitis. The es- 
tabhstoent of this original homogeneous colony from a single adult female and her nymph 
offspring has been described in a previous communication (3). 

Mite Colonies Infected voith the St. Louis Encephalitis Virus . — ^Four colonies of chicken 

-•tided by a grant from The National Foundation for Infantile Paralysis, Inc. 
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mites have been used: one colony derived from mites found infected in nature mth the St. 
Louis virus (Rippy strain), and three colonies of mites infected e,xperimcntally in the labora- 
tory with three straLis of St. Louis encephalitis virus. The colon)' derived from mites found 
infected in nature has been maintained in the laboratory since October 5, 1944, by feeding on 
normal chickens. The colonies of e.xperimentally infected mites were established with mites 
from the homogeneous uninfected colonies after they had been allowed to feed upon chickens 
inoculated subcutaneously with strains of the St. Louis virus. The method of infecting mites 
and the testing of these mites for the presence of virus have been described previously (3). 
Mites were infected e.xperimentally with three different strains of the St. Louis virus: (a) the 
Rippy strain (RNc), a mouse bram virus isolated from mites found infected in nature; (J) the 
Hubbard egg membrane strain, an egg membrane strain of St. Louis virus (Hubbard) isolated 
in mice from human brain tissue in 1937 and maintained since 1938 on the chorioallantoic 
membrane of the developing hen’s egg (4); (c) the Mullen strain, isolated in mice in 1945 from 
the blood of a patient who recovered (5). 

Chickens . — The chickens used in these e-xperiments were New Hampshire Reds, S to 20 days 
of age. All chickens were hatched in tlie laboratory and carefully protected at all times from 
possible exposure to arthropods. 

Transmission of the Virus of St. Louis Encephalitis to Chickens by Infected 

Mites 

Many preliminary attempts to demonstrate viremia in chickens following the • 
bite of infected mites were made by direct inoculation (0.03 to 0.04 ml.) of 
serum or whole blood intracerebrally into young Swiss mice. In no instance 
did either serum or whole blood produce any signs suggestive of encephalitis. 
Previous experience (6) had shown, however, that small amounts of the St. 
Louis encephalitis virus, insufficient in quantity to produce signs of encephalitis 
in mice even by the intracerebral route, could increase sufficiently by chorio- 
allantoic passage in the developing hen’s egg to produce signs of encephalitis 
when the egg membrane material was transferred intracerebrally to mice. In 
the light of this e.xperience it seemed possible that virus might be present in 
the blood of chickens on which mfected mites had fed but not in sufficient 
quantities to be detected by the direct inoculation of mice. 

.'Vccordingly, in a further series of experiments heparinized blood drawn from the heart of 
cliickens at intervals after the beginning of the period during wluch the infected mites had fed, 
was injected intracerebrally into Swiss mice (0.03 ml.), and simultaneously 0.08 to 0.1 ml. of 
tlie same blood sample was inoculated on tlie chorioallantoic membrane of the developing hen’s 
egg. Four days after inoculation these membranes were harvested and ground witli a small 
amount of tr>'ptose phosphate broth. The resulting suspension was centrifuged at low speed 
for 2 minutes, and the supernatant fluid was passed to a second series of embryonated eggs 
and at the same time was inoculated intracerebrally in 0.03 ml. amounts mto white Swiss mice. 

As before, the passage membranes were harvested after a 4 day incubation period and were 
ground with broth. After centrifugation, tlie supernatant fluid was injected intracerebrally 
in 0.03 ml. amounts into white Swiss mice. 

The colony of infected mites used in tliis seriesof e.xperiments was derived from rm'tcs found 
infected in nature, the so called Rippy colony. The first three chickens tested for virenu'a by 
the above method were bled as follows: one at 18, one at 21, and one at 26 hours following 
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contact with tlic Rippy colony of infected mftes. Vims was isobted from tlie blood of each 
of these three chickens by egg membrane passage and subscciuent intracerebral inocubtion 
of mice, but in no instance did any of tlie mice injected directly witli fresh heparinized blood 
show signs of illness. 

.A, fourth chicken was c-eposed to the Rippy colony of infected mites in the same way as 
before. This chicken was bled on three occasions— at 4S, 72, and 93 hours counting from the 
time that the mites first had opportunity to feed. Virus was isobted from the blood obtained 
at each of these intervals by egg passage technique. Results obtained by direct inocubtion 
of mice were negative. 

In order to obtain some idea concerning the duration of viremb, a fifth chicken was bled 
at 20, 4S, 67, 97, and 115 hours after the infected mites were given opportunity to feed. Virus 
was isobted from the blood of this chicken at 20, 48, 67, and at 97 hours, but not at 115 hours. 
Here again in no instance were signs of encephalitis observed in mice injected with the fresh 
heparinized blood. However, after two egg passages the presence of the virus was demon- 
strated readily by the intracerebral inocubtion of mice with egg membrane materbl- Details 
of this experiment are given in Fig. 1. By means of the same method combining egg and 
mouse inocubtion, the blood of this clfickcn (No. 5) was tested again for virus at 18 days and 
at 32 days following the first c-xposure to infected mites. Both tests gave negative results. 
After the second of these negative bleedings (at 32 days) this chicken ivas pbced in contact 
with the infected mites for a second exposure in the same manner as that described for the 
first exposure. On this occasion the chicken was bled at 24, 48, 67, 100, and 123 hours after 
the begituung of the feeding period. By means of chorioallantoic passage, vims was detected 
in blood samples drawn at 48 and 67 hours, but not in those drawn at 24, 100, and 123 hours. 
Thus viremb occurred a second time in this chicken, resulting apparently from reesposure to 
infected mites 32 days after the first exposure. 

The virus isolated from blood drawn at the 48 hour period in each of the above 
series of bleedings was identified by mouse protection tests, using known St. 
Louis immune rabbit sera, as the virus of St. Louis encephalitis. 

Subsequently, xirus was isolated by the egg passage technique from fifteen 
other chickens after exposure to the naturally infected mites (Rippy colony). 
Results obtained in these e.xperiments are shown in Table I. 

Viremia in Chickens Owing to the Bile of Experimentally Infected Miles 

The first attempt to demonstrate virus in the blood of a cbirl-pn exposed to 
the experimentally infected mites (RNs strain) was not successful even by 
chorioallantoic passage. However, in later experiments virus was isolated 
with regularity from the blood of eighteen chickens fed upon by e.xperimentally 
infected mites. Such viremia was produced by mites infected with the Rippy 
strain (RNe) of virus and also with two other strains of the St. Louis virus, the 
Hubbard egg membrane strain and the Mullen stram, one isolated from the 
brain of a fatal case of encephalitis and the other isolated from the blood of a 
patient (4, 5). Three control experiments, in which the same procedures were 
followed but in which the chickens were exposed to mites free of the St. Louis 
virus, ga,ve neptive results, A summary of these results is included in Table 
I. During this phase of the experimental work many of the chickens tested 
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for raemia were being used in connection with an investigation dealing with 
the mosquito transmission of the virus of St. Louis encephalitis.^ 

It is well to reemphasize that viremia in chickens bitten by infected mites is 
demonstrated with comparative ease by means of the chorioallantoic passage 
technique but that viremia has not been shown by the direct inoculation of 
senun or of fresh heparinized blood intracerebrally into mice. Multiplication 


T/tBLE I 

Trciismissinn of Ike Virus of SI. Louis Etteepkalilis to Chickens by Bite of Infected Mites 
(Dermonyssus gdlinae). Viremia Demonstroted by Chorioallantoic Passage 


Strau: of \irus cutei 

Ko. of 

Viremia ia ehicleoj at ioten’als folio;rh:^ the 
bcsinslog of feedmg by mUes 

tested 

24 to oO 
brs. 

44 to 54 
hrs. 

72 to 77 
hrs. 

90 to 97 
hrs. 

Rippy strain (infected in nature) 

3 

0 

+ 

+ 

"T 


1 

0 

— 

+ 

*r 


6 

0 

+ 

0 

0 


5 

0 

+ 

0 

■r 

RNj strain 

1 

1 _ 


1 



1 

1 


+ 

0 


1 

0 

— 

+ 



2 1 

0 

-r 

0 

+ 

1 

5 

0 1 

1 

+ 1 

0 

0 

Hubbard egg membrane strain 

1 

0 

+ 

•r 1 

“p 


1 

+ 

0 

+ 

0 


2 

0 

+ 

+ 

0 

Mullen strain 

3 

0 

“T 

0 

+ 


1 

0 

+ 

0 

0 


1 

0 

+ 

+ 

0 

Control (normal mites) 

3 

0 

- 

0 

- 


+ = virus present in blood. 

— virus not present in blood. 
0 = blood not tested. 


of the virus by egg membrane passage seems to be required before its presence 
can be demonstrated by the intracerebral inoculation of mice. 

Chickens Bitten by Injected Mites, as a Source of Virus for the Infection of Other 

Mites 

Since it was evident that the amount of virus present in the blood of chickens 
following the bite of infected mites is small, it was of interest to ascertain 

^ Data to be published. 
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whether this small amount of virus circulatmg in the blood could serve as a 
source of virus for otlier (uninfected) mites. 

When sucli a chicken infected by the bite of mites is used as a possible source 
of virus for uninfected mites, there is always the probability that mites from 
the infected colony remaining on the chicken will be carried over to the unin- 
fected colony, defeating the purpose of the e.Yperiment at the outset. If, 
however, mites of the adult stage only are used to infect the chicken, and tliis 
chicken is e.xposed within the next 48 hours to mites of an uninfected colony, 
one can assume that all engorged first stage nymphs which are collected from 
the chicken must have come from the uninfected colony of mites constituting 
the second exposure. Nymph offspring of the adult infected mites which were 
used to infect the chicken cannot be present owing to the fact that insufficient 
time has elapsed for the development of nymphs from eggs laid by these in- 
fected adults, whereas nymphs found on the chicken are from the general unin- 
fected colony composed of mites of all stages of development. Accordingly, 
the following experiments were carried out. 

In order to obtain adult infected mites only, a normal chicken, 10 days of age, was pkiced 
in a container housing a colony of mites experimentally infected with the RNs strain of St. 
Louis virus. After 2 hours the chicken was removed and placed in a covered crock. During 
the ne.xt several hours, large engorged adult mites which dropped from the chicken were 
collected from the crock and placed in glass tubes. After egg laying the adults were sepa- 
rated from their eggs. Four or S days later the adult mites were placed on black paper, e.x- 
amined, and collected again in tubes. This procedure was followed in order to make sure that 
unfed nymphs wliich might have hatched from undetected eggs were eliminated. For each 
experiment 800 to 1000 adult infected mites were collected in the above maruier, being placed 
each time in an autoclaved container. 

The experimental procedure consisted in placing a normal chicken approximately 2 weeks 
of age in contact with these infected adult mites in the late afternoon and allowing e.xposure 
to continue during the night. Twenty-four hours after the beginning of this feeding period 
the chicken was used as a possible source of infection for uninfected mites. It was placed in 
a container housing a colony of iminfected mites, allowed to remain in contact with the mites 
for 2 hours in the late afternoon, and then removed to a covered crock. Mites remaining on 
the cliicken continue to feed during the night. Approximately 16 hours later the chicken 
was removed, and the engorged mites of the smallest size, all believed to be first stage nymphs, 
were collected from the crock. These first stage nymphs were placed in glass tubes and 
allowed to moult to the second nymph stage. All of the engorged nymphs must have come 
from the uninfected colony since the mites used to infect the chicken were adults, and sufficient 
time had not elapsed for nymphs to have developed from eggs laid by these adults. Five to 
7 days after these mites liad been collected as engorged first stage nymphs, they were tested 
for virus. 

In the course of four experiments of this type, details of which are given in 
the next paragraph, samples of approximately 150 to 920 mites were triturated 
in small amounts of tryptose phosphate broth and the resulting suspensions were 
inoculated intraperitoneally into young Swiss mice under 10 days of age. 
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These young mice were observed closely. While none developed definite con- 
vulsions, signs of illness such as roughening of the fur, unusual excitability or 
letliarg}’ with failure to nurse appeared within 12 to 13 days after intraperi- 
toneal inoculation. The brain of each mouse showing signs of illness was 
removed and passed by intracerebral inoculation to four or five adult mice. 
All the brains proved bacteriologicaliy sterile on culture. In the e-xperiments 
giving positive results the adult passage mice developed convulsions in 3 to 5 
days following intracerebral inoculation. The infectious agent thus recovered 
from mites was identified in each instance as the virus of St. Louis encephalitis 
by means of the mouse protection test using the serum of a rabbit immunized 
with the \nrus of St. Louis encephalitis (Hubbard strain). 

Results obtained in the four e.xperiments are summarized briefly as follows: — 

In the first experiment a suspension of approximately 850 nymphs was inoculated intra- 
peritoneally into eight mice, 8 days of age. Two of the eight mice appeared ill on the 13th day 
following inoculation and virus was recovered from the brain of each. In a second experi- 
ment two samples of nymphs consisting of approximately 700 and 150 respectively were 
tested for virus. The suspension of 700 nymphs was inoculated intraperitoneally into six 
mice, 7 days of age. Two of the six began on the 12th day to show alternate periods of ex- 
dtability and lethargy. Virus mas recovered from the brain of each of these two by intra- 
cerebral passage to adult mice. The suspension of 150 nyxnphs was inoculated intxaperito- 
neally into six mice, 12 daj's of age. One of the sLx showed definite signs of illness on the 12th 
day. It was killed on the 13th day and virus was recovered from the brain. A third experi- 
ment gave unsatisfactory results: Two of eight mice, 9 days of age, which had been inoculated 
intraperitoneally with a suspension of approximately 920 nymphs, were found dead and 
partially eaten on the 13th day. The brain of each of the other six young mice was tested for 
virus fay intracerebral passage to adult mice with negative results. In a fourth experiment 
two samples of nymphs, 720 and 325, were tested for virus. The suspension of 720 nymphs 
was tested by intraperitoneal inoculation of seven mice, 8 and 9 da>'s of age. Four of the seven 
mice appeared ill on the 12th and 13th days. Virus was recovered from the brain in the case 
of two of the four. The suspension of 325 nymphs in this experiment was tested by intra- 
peritoneal inoculation of six mice, 8 to 9 days of age. Virus was recovered from the brain of 
each of two, which appeared ill on the lOth day. 

Thus in three of four experiments the virus of St. Louis encephalitis, identi- 
fied by neutralization with specific immune serum, was recovered from mites 
which had acquired the virus by feeding on a chicken previously bitten by in- 
fected mites. 

As a control for these experiments and as verification of earlier results which 
had indicated that the colonies believed to be iminfected were still free of virus, 
two samples of mites from uninfected colonies were tested for virus. These 
two control samples consisted of 700 and 200 mites. The suspension of each 
sample was inoculated intracerebrally into six mice, 7 days of age. The brain 
of each of the twelve mice thus inoculated was passed intracerebrally to adult 
mice on the 12th or 13th day. None of these adult passage mice developed 
signs of illness. 
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DISCUSSION 

Hammon and his associates (7) have presented data from field and labora- 
tory investigations which support the hypothesis that both St. Louis encepha- 
litis and Western equine encephalomyelitis are mosquito-bome, and that the 
source of the infection for the mosquito is an inapparent reservoir among 
vertebrates, particularly the domestic fowl, Plowever neither the virus of 
St. Louis encephalitis nor that of Western equine encephalomyelitis has been 
isolated from hibernating mosquitoes, nor is there evidence that these viruses 
persist in the blood of e.\perimen tally infected fowls for longer than a few 
days. Thus the means by which these viruses persist from year to year in an 
endemic area is une.\'plained. 

Isolation of the virus of St. Louis encephalitis from chicken mites {Der- 
manyssus gallinae) in several localities in St. Louis County during a non- 
epidemic year (1, 2), and demonstration that the virus persists in diese mites 
for many months by transovarian passage (3) have pointed to the possible 
role of this arachnid vector in maintaining an endemic focus in nature. 

However, as previously pointed out, these observations cannot be con- 
sidered significant in the epidemiology of St. Louis encephalitis unless infected 
mites transfer the virus to chickens by bite and unless the blood of such chickens 
can serve as a source of virus for blood-sucking vectors. Results described in 
the present report demonstrate that both naturally infected and experimentally 
infected chicken mites are capable of transmitting the virus of St. Louis en- 
cephalitis to normal chickens by bite. The amount of virus in the blood of 
chickens thus infected appears to be small since viremia was demonstrated by 
means of the chorioallantoic passage technique but not by direct inoculation 
of serum or fresh heparinized blood intracerebrally into mice. However, the 
amount of virus in the blood of chickens bitten by infected mites was sufficient 
to be acquired by uninfected ch'cken mites which fed upon the chicken during 
the period of viremia. Since one blood-sucking vector, the mite, can acquire 
virus from chickens fed upon by infected mites, it seems possible that other 
blood-sucking vectors such as the mosquito may acquire sufficient virus from 
such chickens to infect other animals, mammals or birds, by bite. 

A complex cycle of this type may be applicable also in the epidemiology of 
Western equine encephalomyelitis since Sulkin (8) has succeeded in isolating 
the virus of Western equine encephalomyelitis from Dennanyssiis gallinae 
collected in nature, and more recently Reeves et al. (9) have isolated the virus 
of Western equine encephalomyelitis from another mite, Liponyssus sylviarnm. 

SUMMARY 

Transmission of the virus of St, Louis encephalitis to normal chickens by 
the bite of infected mites {Dermanyssus gallinae) has been demonstrated. 
Both experimentally infected and naturally infected mites were shown to be 
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capable of transferring the virus of St. Louis encephalitis to chickens by bite. 
Virus is present in the blood of such chickens in small amounts, so that demon- 
stration of viremia ^vas possible only by utilizing chorioallantoic passage in 
hens’ eggs. However, there is suiScient virus present in the blood for unin- 
fected chicken mites to acquire the virus by feeding on chickens in which 
viremia has resulted from previous bite of infected mites. Thus it has been 
shown that the arachnid vector Derinanysstts gallinae is capable of transmitting 
the virus of St. Louis encephalitis to normal chickens by bite and that such 
chickens can serve as a source of virus for uninfected mites. 
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Recent studies on the mechanism of recovery in pneumococcal pneumonia 
have served to define the manner in which antibacterial chemotherapy brings 
about a favorable termmation of the pulmonary infection (1-3). Evidence 
has been presented that “surface phagocytosis” is instrumental in bringing 
about destruction of pneumococci in the lung in the absence of type-specific 
immime bodies (3). Since this particular phagocytic phenomenon has not 
previously been described and since its general biological significance is not 
known, an effort has been made to determine its relationship to the mechanism 
of recovery in other bacterial infections, particularly those caused by encap- 
sulated microorganisms which are naturally resistant to phagocytosis. The 
present investigation deals with pneumonia due to Friedlander’s bacillus. 

The clinical and pathological features of acute Friedlander’s bacillus pneu- 
monia have been described in detail (4-11). Although the essential charac- 
teristics of the disease are in many ways similar to those of pneumococcal pneu- 
monia, there are two notable differences: (1) Friedlander’s pneumonia causes 
a higher case fatality rate in human patients than does pneumococcal pnemno- 
nia; (2) Friedlander’s infection of the lungs frequently leads to suppuration 
and the formation of lung abscess, a complication rarely encountered in pneu- 
mococcal pneumonia, e.vcept in the case of type HI infection. It should be 
emphasized also that although Friedlander’s bacillus and the pneumococcus 
are both encapsulated organisms possessing many characteristics in common, 
the former is a Gram-negative bacillus which differs in certain fundamental 
biological properties from Gram-positive cocci. 

Although the pathologic anatomy of Friedlander’s pneumonia as observed 
in fatal cases of the disease has been carefully described, little is known about 
the pathogenesis of the pulmonary lesion. Experimental Friedlander’s 
pneumonia has been produced in dogs (12-14) and mice (15) but only the end 
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stages of the resulting lesion have been studied. Since basic information is 
lacking concerning the pathogenesis of Friedliinder’s pneumonia, a study of 
the evolution of the pneumonic lesion has been made in white rats and is de- 
scribed in the present paper. Subsequent reports (16, 17) deal with (a) the 
action of an effective chemotherapeutic agent upon the pulmonary lesion of 
Friedliinder’s pneumonia and (i) a detailed analysis of the mechanism involved 
in the destruction of Friedliinder’s bacilli in the lung, 

i\[clltod 

The method used to produce acute Fn'edliinder’s bacillus pneumonia in rats was esseatlaUy 
the same as tliat employed in e.tperinionUil pneumococcal pneumonia. Details of the tech- 
nique have been reported in a previous paper (18), 

White rats, varying in weight from 175 to 300 gm. and free of chronic pulmonary infection, 
were inoculated intrabronchially under etlicr anesthesia with 0.15 ml. of a suspension of type 
A Fricdlander’s bacilli^ in 6 per cent mucin. The virulence of the organism was maintained 
by frequent mouse passage and by storage at — 70“C. in defibrinated rabbit blood under vase- 
line. The number of bacilli inoculated into the left main bronchus of each rat varied from 100 
to 3000. Following inocuLation, each animal was kept under light ether anesthesia for 30 
minutes in a vertical position to insure penetration of the mucin into the terminal bronchi. 
Blood cultures were taken from the tail vein at frequent intervals during the course of the 
infection. All surviving rats were killed with ether, and only the lungs of freshly killed ani- 
mals were used for microscopic study. The lungs, after gross examinau’on, were feed in 
Zenker-formol solution by the method of Loosli (19) and sections 7 microns thick were stained 
by a modification of the Gram-Weigert technique (IS). 

RESULTS 

Fatality Rate . — ^The pneumonia produced by Friedliinder’s bacillus was 
fatal in all but two of 109 animals. The two surviving rats apparently de- 
veloped chronic Friedlander’s infection of the left lung. As is shown in 
Te-xt-fig. 1, all animals of the 107 animals that died did so within 6 days, the 
majority succumbing on the 3rd day. 

Gross Pathology of Pulmonary Lesions . — Representative pulmonary lesions 
in rats dying of Friedlander’s pneumonia are diagrammed in Text-fig. 2. In 
over 50 per cent of the animals the lesion was confined to the left lung. 

Stages in the development of the pneumonic lesion were studied in a series 
of twenty-six rats killed at 20 minutes, and at 2, 6, 12, IS, 24, and 36 hours 
after moculation. Three to five rats were.sacrificed at each interval. The lungs 
were examined and then fixed for histological study. The results are repre- 
sented diagrammatically in Text-fig. 3. 

^ Strain “Chic” obtained through the courtesy of Dr. Frances Clapp of the Lederle labo- 
ratories, Inc. Organisms from a 4 to d hour culture in tryptose phosphate broth were used in 
all experiments. 



L. S.U.E, JR., W. B.XRRY WOOD, JR. 


241 


la lats killed 20 minutes after inoculation, the left lung showed a small hemorrhagic area 
at the site of inoculation, probably due to trauma, ilfter 2 hours the lesion -was more hyper- 



Penod of Survival m Days Following InfecUori 

Text-Fig. 1. Survival time of untreated rats dying of experimental FiiedMnder's pneu 
monla. 


Died day 2 Died day 2 Died day I Died day 2 Died day 3 

PP P P flit 

Pleurisy IPleuiisy end Pleurisy and Pleurisy Pleurisy ond 


Periccrdibs | Pericarditis 


Pericarditis 


Died day 2 Died day I Died day 3 Died day 3 Died day 2 

M §1 §1 gi 

Pleurisy end Pleurisy Pleurisy and Pleunsy and Pleurisy end 


PeiiCQidilis 


Pencordilis ) Pencgrdihs ) Pericarditis 


Text-Fig. 2. Representative pulmonary lesions in untreated rats dying of experimental 
Friedlander’s pneumonia. All blood cultures positive at time of death. 


emic and was clearly demonstrable. Rapid spread occurred after 6 hours with involvement 
of almost the endre left lung at 36 hours. In the first 36 hours, spread to other lobes of the 
lung was noted in only two of the twenty-one animals. The lesion was dark red in color during 
the first 24 hours, and there w as little change in the size of the left lung. .At 36 hours, however, 
the left lung was noted to be enlarged, firm, and of a gray-pink color, only the outer margin of 
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the lesion remaining hemorrhagic. Later lesions seen in animals dying after 48 or 72 hours 
were of a whitish yellow color and caused considerable increase in the size of the lung (see 
Fig. 1). Some lesions in animals dying after the 3rd day showed unnustakablc evidence of 
abscess formation. 

Incidence of Baclcremia.—'Ilxe. results of blood cultures taken at frequent 
intervals during the course of the disease are recorded in Te.'^t-fig. 3. Bac- 
teremia did not occur during the first 6 hours of infection. After 18 hours, 
36 per cent of the animals had positive blood cultures and 75 per cent were 
bacteremic at 36 hours. Blood cultures from all animals dying of the infection 
were positive. 


time after 
Inoculation 
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2 hours 

6 hours 

12 hours 

la hours 

24 hours 

56 hours 

Apotoximale 
Size of 
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Lesion • 

p. 
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1 

1 

Blood Culture 
Positive 
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0 

0 

3 

7 
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17 
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17 

15 

12 

7 
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Incidence of 
Bacleiemia 

0% 

0% 

Of. 

ld% 

56 f. 

59 % 

76 /. 


* Based on autopsy findings In 3-5 rats killed ol each interval 

Text-Fig. 3. Extent of pulmonary lesion and incidence of bacteremia at various stages o 
experimental Friedlander's pneumonia. 

Occurrence of Pleurisy and Pericardilis . — Fibrinous pleurisy, pericarditis, 
or both, occurred constantly as complications of the fatal infection. Pleural 
effusion was occasionally noted as early as 6 hours and w^as frequent at 18 hours, 
particularly in the bacteremic animals. The fluid was tliin and serosanguin- 
eous in rats dying in less than IS hours and was cloudy, but rarely frankly 
purulent, in those surviving longer. Pericarditis was occasional!}'' encountered 
at 12 hours and was frequently seen in animals dying later with bactereima. 
The pericardial fluid at the time of death was purulent and occasionally of a 
gelatinous character. Cultures of the cloudy pleural and pericardial fluids 
were uniformly positive for Friedl'ander’s bacilli. 

Eistopathology of Pncuvianic Lesion . — ^The histological features and pat io 
genesis of the pneumonic lesion produced by Friedliinder’s bacilli were revea e 
in the microscopic sections cut from rats killed at the inten'als designated m 
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Text-fig. 3 and also from rats surviving as long as 72 hours. The histology of 
the lesion during the first 6 hours of the infection was essentially the same as 
that described for experimental pneumococcal pneumonia (18). At this early 
stage few organisms were visible in the alveoli and the lesion contained many 
mucin particles, hemorrhagic edema fluid, and a light polymorphonuclear 
exudate. After 12 hours the full blown pneumonic lesion was easily recog- 
nized and may be briefly described as follows: — 


The outer margin o£ the spreading lesion was characterized by an edema zone in which the 
alveoli were filled with fluid, essentially free of leucocjlcs (Fig. 2). Floating freely in the 
edema flmd were many bacteria which were apparently multiplying rapidly (Fig. 3). Inside 
this outer edema zone there appeared a zone of early consolidation in which poljTnorpho- 
nudear leucocytes, together with many organisms, could be seen in the alveoli. In this area 
of the lesion the leucocytic exudate was thin, and very little, if any, phagocytosis was noted 
(Fig. 4). In the inner zone of the lesion, characterized by advanced consolidation, two con- 
trasting processes were noted. In some areas there was marked phagocytosis, practically all 
of the bacteria having been taken up by thealveolar phagocytes which were still predominantly 
polymorphonudear leucocytes (Fig. 5). In other adjacent areas there was apparently no 
phagocytosis, and the alveoli were filled with a solid naass of org an is m s (Fig. 6). In the 
spreading pneumonic lesions bacteria and edema fluid were also frequently observed in the 
bronchi (Fig. 7). Infected edema fluid was likewise found in alveoli adjacent to the visceral 
pleura, suggesting the possibility of direct penetration of the bacteria into the pleural space 
(Fig. 8). Only rarely were bacteria seen in the peribronchial lymphatics (Fig. 9). 

In addition to the histological features noted in the early spreading lesions, 
there were other important microscopic findings observed in animals surviving 
for 48 to 72 hours. In many areas of the more advanced pulmonary lesions 
there were heavy deposits of fibrin in the alveoli, as shown in Fig. 10. In the 
central portions of the advanced lesions areas of clearing and beg innin g reso- 
lution were noted even in animals djdng from the infection. The alveoli in 
such areas contained macrophages predominantly, but occasionally fibroblasts 
were also seen, suggestmg a tendency for the lesion to become organized 
(Fig. 11). Finally, in the older lesions, unmistakable evidence of abscess forma- 
tion was frequently noted. Microscopic examination of such abscesses revealed 
complete destruction of the alveolar walls and a dense confluent exudate com- 
posed largely of polymorphonuclear leucocytes (Fig. 12). 

DISCUSSION 

Experimental Friedlander’s pneumonia produced in rats appears to be more 
acute than the natural disease in man. The essential pathological features 
of the experimental infection, however, are the same as those observed in fatal 
human cases. The lobar distribution of the lesion, the firmness and enlarge- 
ment of the affected lung, the existence of abscesses in the consolidated lobes. 
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tlie large number of bacilli in many of the alveoli, the active phagocytosis by 
polymorphonuclear leucocytes and mononuclear cells and tlie frequent occur- 
rence of bacteremia, pleurisy, and pericarditis, constitute the principal patho- 
logical findings in the experimental disease and simulate closely those noted in 
fatal human cases examined at autopsy (5-11), 

The pathogenesis of the pulmonary lesion in axperimental Friedliinder’s 
pneumonia would appear to be essentially the same as that previously described 
in pneumococcal pneumonia (18), The outer margin of the spreading lesion 
is characterized by an edema zone in which the alveoli are filled with watery 
edema fluid containing many bacteria. Not only do the organisms apparently 
multiply freely in the edema fluid but they seem to be carried mechanically 
by the fluid into adjacent alveoli through the pores of Cohn and the com- 
municating alveolar ducts and broncliioles,- Early studies on the pathogenesis 
of pneumococcal pneumonia led to the hypothesis that the infection spread 
by way of the puhnonary lymphatics (21), This suggestion was later refuted 
by the careful experiments of Loosli (22) which conclusively proved that the 
spread occurred mainly by way of infected edema fluid. The mrity with which 
Friedliinder’s bacilli were found in the lymphatics in the present study would 
appear to indicate that the same mechanism of spread operates in both pneu- 
mococcal and Friedlander’s pneumonia. 

As m pneumococcal pneumonia, heavily infected edema fluid is seen in many 
of the large bronchi, suggesting an obvious mechanism of spread of the pneu- 
monia to other lobes, Convmcing evidence that such spread in pneumococcal 
pneumonia is due to infected edema fluid in the large bronchi has been presented 
by Robertson and Hamburger (23). The bronchial findmgs in the present 
study indicate that the same mechanism obtains in pneumonia caused by 
Friedlander's bacillus. 

The histological features of the more central portions of Friedlander’s bacillus 
lesions are also similar in many respects to those of the pneumococcal lesions 
(18). In the zone of early consolidation adjacent to the edema zone, leucocytes 
and bacteria are present in the alveoli, but there is little or no phagocytosis. 
Only in the more central zone of advanced consolidation where the alveoli 
are packed with leucocytes is phagocytosis noticeable. Here both poly- 
morphonuclear leucocytes and macrophages have ingested the bacteria. That 
the phagocytes ingest the bacteria and ultimately destroy them, even in ani- 
mals dying of fatal infections, is evidenced by the fact that in adjacent areas 
no bacteria remain in the alveoli and there are signs of resolution. Fibrin is 
prominent in the alveolar exudate of the central portion of the lesions. 

Although the reaction of the murine lung to infection with Friedlander’s 

^ The spreading process in undoubtedly accentuated by the respiratory movements of the 
lungs (20). 
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bacillus is apparently similar to its reaction to pneumococcal infection, there 
are several important differences in the pathogenesis of the two pneumonias. 
The first and most important difference concerns the number of organisms 
noted in the areas of consolidation. In pneumococcal pneumonia, the number 
of bacteria in a given alveolus is never very great, and the number appears to 
diminish rapidly as consolidation proceeds, so that very few organisms can be 
found in the central zone of advanced consolidation (18). Such rapid de- 
struction of the offending bacteria does not always occur in Friedlander’s 
pneumonia. Although the destructive mechanism appears to function ef- 
ficiently in most parts of the lesion, in some areas Friedliinder’s bacilli accumu- 
late in tremendous numbers. Here the alveoli may be filled by masses of 
matted organisms. The ability of Friedliinder’s bacillus to multiply thus freely 
in the face of an inflammatorj'’ e.vudate, distinguishes the organism from the 
type I pneumococcus. Since the pneumonic e-vudate is said to create a some- 
what acid environment in the alveoli and since Friedlander’s bacillus can 
multiply at a lower pH than pneumococcus, it is conceivable that the differ- 
ences noted in the respective pneumonic lesions are due, in part at least, to 
differences in the cultural requirements of the two organisms. 

The tendency of Friedlander’s bacillus pneumonia to lead to abscess forma- 
tion constitutes a second characteristic that differentiates it from pneumo- 
coccal pneumonia. Although most types of pneumococci* that invade the lung 
call forth a pronounced inflanunatory reaction in the affected alveoli, they rarely 
cause destruction of either alveolar or bronchial tissues. When pneumococcal 
pneumonia resolves, the lung is eventually restored to normal. Friedlander’s 
bacilli, on the other hand, not only accumulate in large numbers in certain areas 
of the pneumonic lesion, but destroy the alveolar walls and thus cause ab- 
scesses. In the areas of abscess formation, where there occurs a breakdown of 
the normal alveolar architecture, the phagocytic cells function less efficiently 
' in destroying the invadmg bacteria. The cause of the decreased efficiency 
of the phagocytes in such areas is discussed elsewhere in connection with the 
mechanism of destruction of Friedlander’s bacilli in the lung (17). 

The third difference observed concerns the occurrence of organization in 
the late stages of the pneumonia. Rarely was evidence of organization noted 
in experimental pneumococcal pneumonia (1 8) , whereas the fibroblastic activity 
characteristic of organization of the alveolar exudate was commonly en- 
countered in Friedlander’s infection. This difference can probably be attrib- 
uted to a greater damage to the alveolar tissues caused by the large accumula- 
tions of Friedlander’s bacilli referred to above. 

’ There a some emdence that pneumococois Type m may behave more like Friedlander’s 
badUus in its relation to the animal host than do other types of pneumococcus (24). 
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SUilAURY 

Experimental pneumonia due to Fricdliinder’s bacillus was produced in 
white rats by the intrabronchial inoculation of the bacilli suspended in mucin. 
The pneumonia was lobar in type, was almost uniformly fatal, and simulated 
the acute form of the natural disease in human beings. 

Tlie pathogenesis of the pneumonic lesion was studied by examination of 
microscopic sections of the lungs of animals killed at frequent interv'als during 
the course of the infection. The histologic characteristics of the various stages 
of the pneumonia were essentially the same as those previously described in 
experimental pneumococcal (Type I) pneumonia except for the following 
differences: (1) In isolated areas of the lung in Friedlander’s pneumonia 
many more bacteria were encountered in the alveoli than were ever noted in ex- 
perimental pneumococcal pneumonia. (2) Abscess formation u'as common in 
the late stages of Friedlander’s infection, whereas it was not noted in the pneu- 
mococcal lesion. (3) Organization of the alveolar e.xudate, rarely observed 
in e.xperimental pneumococcal pneumonia, was a prominent feature of the 
pneumonia due to Friedlander’s bacillus. 

The mechanism of spread of Friedlander’s lesion appeared to be the same 
as that of pneumococcal pneumonia. Likewise there was noted the same 
phagocytosis of organisms in the lungs of even bacteremic animals dying of 
the infection. 
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EXPLANATION OF PLATES 

Microscopic sections from the lungs of rats with experimental Friedlander’s bacillus 
pneumonia. The photomicrographs were taken by Mr. Milton K. Echtold, and all 
sections were stained by the Gram-Weigcrt technique. 

Plate 23 

Fig. 1. Gross lesion in rat dying of pneumonia 72 hours after inoculation. Com- 
plete consolidation of unilobar left lung. X2. 

Fig. 2. Edema zone at margin of lesion. Alveoli are filled with bacteria-Iaden 
edema fluid, containing few leucocytes. Lesion is progressing from right to left. Ani- 
mal sacrificed at 12 hours; no bacteremia. X200. 

Fig. 3. Friedlander’s bacilli in alveolar edema fluid at margin of lesion. Few leuco- 
cytes have yet appeared in alveoli; and the organisms appear to be multiplying freely. 
Animal sacrificed at 12 hours; no bacteremia. X900. 

Fig. 4. Early consolidation showing Friedlander’s bacilli and leucocytes in alveolus. 
Rat sacrificed at 12 hours; blood culture sterile. X625. 

Fig. 5. Marked phagocytosis in area of consolidation. Many organisms are seen 
within the cells, which are predominantly polymorphonuclear. This animal had 
bacteremia when sacrificed at 24 hours. X 1000. 

Fig. 6. Masses of bacteria in area of advanced consolidation. No phagocytosis can 
be demonstrated in such areas. Rat sacrificed at 24 hours, with bacteremia. X 855. 
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Platk 24 


Fig. 7. Edema lluid laden witli Friedlandcr’.-? bacilli wilhin tlie lumen of a large 
bronchus. Rat sacrificed at 12 hours. Hlood culture positive. Xfi25. 

Fig. S. Edema fiuid containing Friedliinder’s bacilli in alveoli beneath visceral 
pleura. .Animal killed at 12 hours; no bacteremia. X85(). 

Fig. 9. Friedliinder’s bacilli (see arrow) in [leribronchial lymphatic. Rat with bac- 
teremia sacrificed at 24 hours. X 1000. 

Fig. 10. Fibrin deposits in alveoli in area of consolidation. Strands of fibrin can 
be seen passing through pores of Cohn. Rat killed at 72 hours; blood culture [jositivc. 
XS70. 

Fig. 11. Clearing and early organization of lesion. Some of the cells in the alveoli 
are fibroblasts. Animal sacrificed at 72 hours with bacteremia. X570. 

Fig. 12. Abscess formation in area of advanced consolidation. Leucocytes arc 
undergoing necrosis and the alveolar walls have been destroyed. Blood culture posi- 
tive after 72 hours of infection. X570, 
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STUDIES ON THE MECHANISM OF RECOVERY IN PNEU- 
MONL\ DUE TO FRIEDLANDER’S BACILLUS 

II. The Effect of Sulfonamide Chemotheil\py upon the PuLMON.uiy 

Lesion of ExPERiMENTiU. Friedlander’s Bacillus Pneumonlv* 

By LLEWELLYN S.ALE, Js., MARY RUTH SMITH, § 

ASD W. BARRY WOOD, Jk., M.D. 

(From the Department of Medicine and the Oscar Johnson Institute Jor Medical 
Research, Washington University School of Medicine, St. Louis) 

Plates 25 .vnd 26 

(Received for publication. May 26, 1947) 

Both rliniral and e.xperiinental studies indicate that infections due to Fried- ' 
lander’s bacillus may be favorably affected by sulfonamide chemotherapy 
(1-12). Little is known, however, concerning the mechanism of recovery from 
such infections in either human patients or laboratory anunals. In the pre- 
cedmg paper the pathogenesis of experimental Friedlander’s pnemnonia in rats 
was described (13). The disease produced resembled acute Friedlander’s 
pneumonia in man. The present report deals with the effect of sulfonamide 
chemotherapy upon the pulmonary lesion of this experimental infection. 

Methods 

The detailed techniques employed in the production o£ experimental Friedlander’s bacfllus 
pneumonia in white rats have already been described (13). The pneumonia produced was 
almost uniformly fatal in imtreated animals. Blood cultures were taken from the tail at 
frequent intervals during the course of the infection, and all lungs were fixed in Zenker-formol 
solution according to the method of Loosli (14). Tissue sections were stained by the Gram- 
Weigert technique (15). 

Sulfoiiatnide Treatment . — Either powdered sulfadiazine or powdered sulfamerazine^ was 
used in all experiments. Five gm. of the powdered drug was added to 100 ml. of a 10 per cent 
gum acacia mixture, and appropriate amounts of the resulting suspension were introduced into 
the stomach through a blunt catmula by way of the mouth. Three hundred mg. of suh'a- 
diazine (6 ml.) was given as an initial dose, at the end of 12 hours and every 24 hours there- 
after. When sulfamerazine was used, 24 hour maintenance doses of 200 mg. (4 ml.) were found 
to be sufBdent to maintain an adequate blood level. The concentrations of drugs maintained 
in the blood by the two dosage schedules in both normal and infected animals are charted 
in Text-fig. 1. 

Teste for Antibody . — The methods i^ed to detect circulating antibodies against Friedlander’s 

* This study was supported by the Commonwealth Fund. 

t Research Fellow, Department of Medidne, Washington University School of Medfdne. 

§ Redpient of Research Fellowship awarded by the Lederle Laboratories, Inc. 

^ Supplied through the courtesy of Dr. Benjamin Carey, Lederle Laboratories, Pearl River 
New York. ’ 
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badllus included the standard mouse protection test (16) and a microscopic test for opsonins 
and agglutinins. In the mouse protection test 0.2 ml. of pooled serum (obtained from four to 
six rats) was injected iutrapcritoneally together with 0.2 ml. of tryptose broth containing 
5 per cent para-aminobenzoic acid* and appro-ximately 50 Fricdlander’s bacilli. Five mice 
were used in testing each lot of pooled serum, and the final results of the tests were tabulated 
at the end of 1 week. The procedure used in testing for opsonins and agglutinins was as 
follows. Washed Friedliinder's bacilli obtained from 0.25 ml. of a 4 hour culture of the 
organisms in serum infusion broth were suspended in 0.1 ml. of the test serum, together with 
leucocytes obtained from peritoneal c.xudate of rats (17). The mixture was placed on a glass 
slide and incubated for 30 minutes in a sealed Petri dish lined with moist filter paper (17). 



Text-Fig. 1. Sulfonamide blood levels in normal rats and rats with experimental pneu- 
monia treated by mouth with sulfamerazine and sulfadiazine. Each point on the curves 
represents the average of values obtained on five or more animals. (For dosage, see text.) 

At the end of the period of incubation smears were made and stained with methylene blue. 
Both phagocytosis and agglutination of extracellular orgam’sms were considered in recording 
the final results of the tests on each lot of serum. 

RESULTS 

Effect of Sulfonamide Chonolherapy upon Natality Rate . — When treatment 
with either sulfadiazine or sulfamerazine’ was begun 6 hours after inoculation 
more than 90 per cent of the animals survived the infection. As shown in 

~ To neutralize the bacteriostatic effect of the sulfonamide contained in the rat serum. 

’ At no time was any appreciable difference noted in the effect of sulfadiazine and sulfameri- 
zine upon the experimental infection. 
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Table I, there were two deaths from pneumonia among the 33 rats so treated, 
ifore than half of these animals were allowed to survive longer than 10 days 
before bdng sacrificed. When treatment was withheld until 9 hours after 
inoculation, the survTval rate was appreciably lower, and after 12 hours only 
half of the animals survived the pneumonia. Treatment begun 18 hours after 
inoculation appeared to have no appreciable effect upon the course of the 
infection. In all subsequent treatment e.vperiments sulfonamide therapy was 
started 6 hours after inoculation. 

Effect of Sulfonamide Chemotherapy upon the Gross Pneumonic Lesion . — The 
action of sulfonamide chemotherapy upon the pulmonary lesion was studied in a 
series of treated rats sacrificed at 6, 18, 24, 36, 42, 66, 90, and 168 hours after 
the start of treatment. Three rats were killed at each interval, and the lungs 
were examin ed in the gross before being fixed for histological study, 
(Text-fig. 2). 


T.ABLE I 


Sunivol Rate among Rats 'xiih Experimental Friedlandcr’s Pneumonia Treated -jiith Sulfonamide 
at Various Intervals after Inoculation 


Time alter ioocaUtion 
that treaCmestwu begun 

Xq, of rats treated 

Ko. oi rau suivivins 

poeuzQOZua 

Survival 

iri. 



fer uni 

6 

33 

31 

94 

9 

19 

14 

73 

12 

10 

6 

60 

18 

9 

0 

0 


Six hours after the start of treatment the grossJesion occupied about half the left Jung and 
was bright red in color. The border behveen the normal and consolidated lung was hemor- 
rhagic and irregular, presenting the same appearance as in untreated animals 12 hours after 
inoculation (13). Both the dze of the lesion and the character of its border indicated that 
the drug had e.xerted little or no effect upon the spreading pneumonia during the first 6 hours 
of treatment. At 18 hours the lesion was slightly larger, but its margin was now sharp and 
lacked the irregular hemorrhagic appearance noted at 6 hours. Thereafter there occurred no 
further spread of the pneumonia, and at 24, 36, and 42 hours the lesion became grayer and 
more firm in consistency. After 66 and 90 hours of treatment the area of consolidation ap- 
peared to be slightly smaller than at 18 hours, and definite contraction of the hard gray lesion 
was noted at the end of 1 week. At each of the above intervals the site of the original mucin 
moculation was identifiable as a dark red area which differed in color from the pneumonic 
lesion and failed to spread. 

In marked contrast to the pathological findings in untreated animals (13) neither pleurisy 
nor pericarditis was noted in rats sacrificed during sulfonamide therapy. 

Effect of Chemotherapy upon Bacteremia . — Frequent blood cultures were taken 
during the course of treatment; the results are recorded in Text-fig. 2. After 
6 hours of treatment bacteremia was present in more than 50 per cent of the 
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animals. At no later time, however, did the incidence exceed IS per cent, and 
after 1 week’s treatment all blood cultures were sterile. 

Sistopalhohgy oj Pulmonary Lesion in Treated Animals. — ^Tissue sections 
were studied from the lungs of all of the rats sacrificed at the intervals stated in 
Text-fig. 2. Additional rats were also killed at 3, 18, and 24 hours after the 
start of treatment, and the lungs of three animals at each interval were e.x- 
amined histologically to determine the effect of treatment upon the lesion. 


Time after 
Treatment 

6 hours 

16 hours 

42 hours 

66 hours 

90 hours 

I week 

m m 

Untreated Pats 

Approximate 
Size of 
Pulmonary 
Lesion * 




P 

D 


a 

s. 

Blood Culture 
Positive 

7 

2 

0 

2 

1 

0 

5 


Blood Culture 
Negolive 

6 



12 

14 

13 

0 


Incidence of 
Bacteremia 

5^ 

15 

0% 



14 


0% 

100 fc 


* Based on autopsy findings in 5 rats killed at each interval 
** Untreated rats died in less than 100 hours 


Text-Fig. 2. Effect of sulfonamide chemotherapy upon pulmonary lesion and incidence 
of bactererma in experimental Friedlander’s pneumonia. Treatment begun 6 hours after 
inoculation. 

As shown in Fig. 1, the morpholog>’ of the Friedlander bacilli in the outer edema zone at the 
end of 3 hours of therapy appeared to be normal. Examination of the rest of the lesion 
revealed it to be identical with the early pneumom’a observed in untreated animals. After 6 
hours of treatment, the edema zone was still prominent (Fig. 2 ), but the Friedlander bacilh 
in the edema-filled alveoli were now noted to be enlarged, pleomorphic, and irregularly 
stained (Fig. 3), indicating bacteriostasis (18). At 18 hours the edema zone was no longer 
present at the margin of the lesion (Fig. 4), and the pneumom'c process appeared to have 
stopped spreading. In the outermost alveoli, where the bacteria were most plentiful, at both 
18 and 24 hours, organisms could be seen in the cytoplasm of the polymorphonuclear leucocytes 
(Fig. 5). After 36 hours of treatment phagocytosis of the bacteria appeared to be more 
complete (Fig. 6), and at later intervals large mononuclear cells could be seen to be taking 
part in the phagocytic process (Fig. 7). At the end of 90 hours the alveolar exudate was 
predominantly mononuclear; extracellular bacteria were now no longer visible and most of 
the intracellular organisms appeared to have been digested by the phagocytes (Fig, 8). Signs 
of clearing of the pneumonic process were prominent at the end of the 7 day period of treat- 
ment. 

The Effect of Sulfonamide Therapy upon the Formation of Abscesses in the 
Lung.— The lungs of a few of the treated rats exhibited definite lung abscesses 
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at the time of autopsy. The incidence of abscess formation was higher in 
nnimnk treated 12 hours after inoculation than in those treated at 6 hours. 
In one experiment treatment was begun 6 hours after inoculation and was 
maintained for a period of 2 weeks. Two rats so treated and sacrificed on the 
35th day had smnll but definite lung abscesses from which Friedlander’s bacilli 
were recovered in pure culture. 

The Relation of Phagocytosis in the Lung to the Presence of Circulating Anti- 
body. — ^The serum from sulfonamide-treated rats recovering from Friedlander’s 
bacillus pneumonia was tested for mouse-protective, opsonizing, and aggluti- 
nating antibodies at the end of the 1st, 2nd, 3rd, 4th, and 7th days of treatment. 
Although phagocytosis was prominent in the lungs within the first 24 hours of 
treatment, no antibody could be detected in the blood serum imtil after 4 or 
more days of treatment (see Table II). 

TABLE n 


Tests for Antibody in Serum of Rats -xith Experimental Priedldnder’s Pneumonia Treated 

isith Sulfonamide 


Dontios of pneumonia 

Moose protection test* 

OpionocTtopIusic test 

Afslotinallon test 

1 

kfS. 

24 

0-5 

0 

0 

48 

1-5 

0 

0 

72 

0-5 

0 

0 

96 

0-5 


0 

168 

3-5 

+ 

+ 


* Ilist figure indicates number of rmce surviving at end of 1 week; second figure refers to 
number of mice inoculated. 


DISCUSSION 

Friedlander’s bacillus pneumonia induced in white rats by the methods 
described in the present studies (and not treated) constitutes an acute pulmonary 
infection which is almost uniformly fatal. Although somewhat more fulmi- 
nating in its course than human Friedlander’s pneumonia, the experimental 
murine infection resembles very closely the acute form of the human disease 
(13) . The experiments here reported show that the experimental pneumonia in 
rats, in spite of its fulminant character, can be controlled by adequate sulfona- 
mide therapy provided the drug is administered early in the disease. The 
manner in which the drug exerts its beneficial effect is revealed by the histology 
of the recovery process in the limg. 

In the untreated animal Friedlander’s bacilli appear to cause consolidation of 
Ae lung by the same mechanism as does the pneumococcus (15). The organ- 
isms can be seen in large numbers in the outer edema zone of the lesion where 
they are carried mechanically into adjacent alveoli by the edema fluid, thus 
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producing a spread of the lesion. As in experimental pneumococcal pneumonia 
(19) sulfonamide chemotherapy appears to exert its main effect in this spreading 
edema zone. SLx hours after the start of treatment the Friedlander bacilli in 
the edema-fiUed alveoli exhibit morphological changes indicative of bacteriosta- 
sis (18), and shortly thereafter the pneumonic lesion ceases to spread. The 
appearance of edema fluid in the outermost portion of the spreading lesion 
constitutes the earliest stage of inflammation in the infected alveoli. When 
the lesion stops spreading as the result of bacteriostasis, phagocytes accumulate 
in all of the infected alveoli that previously contained only edema fluid, and 
since no further spread of the infection occurs, the edema zone disappears from 
the margin of the lesion. Once phagocytes have accumulated in sufficient 
number in the infected alveoli, they destroy the bacilli by the same phagocytic 
process that operates in the zone of consolidation in untreated animals (13). 
The sulfonamide drug brings about recovery by inhibiting the growth of the 
bacteria at the advancng margin of the lesion, thereby enabling the alveolar 
phagocytes to destroy the bacteria that have invaded the lung. Only in areas 
of abscess formation do the phagocytes fail to destroy all of the offending 
organisms. 

Although from these studies little doubt appears to exist as to the manner in 
which sulfonamide chemotherapy causes recovery m Friedliinder’s pneumonia, 
the exact mechanism involved in the phagocytosis and ultimate destruction of 
the bacteria remains obscure. Friedlander 's bacillus, like pneumococcus, 
possesses a protective capsule which renders the organism resistant to phago- 
cytosis. Why then should phagocytosis occur in the pneumonic lesions of 
both treated and untreated animals? In the case of experimental pneumococcal 
pneumonia (18), phagocytosis is observed in the first 24 hours of the. infection 
and occurs even in the lungs of bacteremic animals. Thus it appears unlikely 
that circulating antibody is responsible for the phagocytic reaction. Likewise, 
in the present experiments, no antibody could be detected in the blood of rats 
recovering from Friedlander’s pneumonia until several days after phagocytosis 
had begun in the lungs. All of the evidence thus far advanced indicates that 
the ultimate recovery of animals with Friedlander’s pneumonia when given 
sulfonamide depends upon the phagocytosis of the offending bacteria, and yet 
no satisfactory explanation can be given for the occurrence of phagocytosis of 
the encapsulated organisms in the absence of opsonins. Therefore, further ex- 
periments have been carried out to elucidate the exact mechanism of this non- 
antibody phagocytic reaction in the lung, and to determine the reason for its 
failure to operate efficiently in areas of abscess formation. The results of these 
experiments are reported in the following paper. 

SUiiaiARY 

Suffonamide chemotherapy was found to cure rats of an otherwise fatal form 
of experimental Friedlander’s bacillus pneumonia when treatment was begun 6 
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hours after inoculation. ]Most of the pneumonic lesions cleared completely, 
but an occasional animal exhibited small residual abscesses in the previously 
consolidated lung. 

The recovery process taking place in the lungs was studied histologically at 
various intervals during therapy. As in the case of pneumococcal pneumonia, 
the principal action of the sulfonamide was upon the bacteria in the advancing 
edema zone at the peripher>' of the pneumonic lesion. The bacteriostatic 
action of the drug appeared to stop the spread of the pneumonia, and the 
Friedlander bacilli were ultimately ingested and destroyed by the phagocytic 
cells in the alveolar exudate. 

The phagocytosis of bacteria in the lung was shown to be unrelated to the 
presence of antibody in the blood. 
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EXPLANATION OF PLATES 

Tissue sections from the lungs of rats with experimental Friedliinder’s bacillus 
pneumonia treated with sulfonamide. Fig. 5 was photographed by Mr. Cramer 
Lewis; the remaining figures by Mr, Milton K. Echtold. Ml sections were stained by 
the Grani-Weigert technique. 


PliVTE 25 

Fig. 1. Bacteria-laden edema fluid in alveolus at margin of spreading lesion 3 hours 
after the start of treatment. The bacteria as yet exhibit none of the characteristic 
morphological signs of bacteriostasis. X 1500. 

Fig. 2. Edema zone still present at margin of lesion 6 hours after the start of treat- 
ment. X 200. 

Fig. 3. Pleomorphism of Friedlander’s baciUi, indicating early bacteriostatic effect 
after 6 hours of treatment. X 1500. 

Fig. 4. Disappearance of edema zone from the margin of lesion IS hours after 
beginning of treatment, X 200. 
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Fig. 5. Early phagocytosis of Friedliiiulcr’s bacilli in rat sacrificed at end of 24 Iiours 
of treatment. X 1500. 

Fig. 6. iMore complete phagocytosis of Friedlander’s bacilli by leucocytes in alveolar 
e.\udate after 36 hours of treatment. X 500. 

Fig. 7. Macrophage reaction with a few intracellular organisms. This animal was 
sacrificed 66 hours after the start of treatment; the macrophage is the predominant 
cell. X 855. 

Fig. 8. Lesion after 1 week of treatment showing marked clearing with onl}'^ macro- 
phages in the alveoli. Bacteria arc no longer visible in the cytoplasm of the phago- 
cytes. X 1000. 
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STUDIES ON THE MECHANISM OF RECOVERY IN PNEU- 
ilONIA DUE TO FRIEDLANDER’S BACILLUS 

HI. The R6le of “Sdeface Ph,vgocvtosis” in the Destruction 

OF THE MlCROORG^VNlSlIS IN THE LUNG* 

By MrVRY RUTH SinTH,t akd W. BARRY WOOD, Jr., M.D. 

{From tke Department of Medicine and the Oscar Johiuon Institute for Medical 
Research, Washington University School of Medicine, St. Louis') 

Plates 27 and 28 

(Received for publication, May 26, 1947) 

E\ndence has been presented that encapsulated Friedlander’s bacilli are 
destroyed by leucocytes in the pneumonic lungs of rats treated with sulfona- 
mides, even when the animals possess no detectable opsonins in the blood (1). 
Similar results were reported previously in a study of experimental pneumo- 
coccal pneumonia (2, 3) and the destruction of organisms in the absence of 
antibody was shown to be due to a physical phenomenon designated “surface 
phagocytosis” (4). The experiments reported in the present paper demonstrate 
that under similar conditions the same surface mechanism is responsible for the 
phagocytosis of Friedlander’s bacilli and results in rapid killing of the organisms. 

(A) The Resistance of Encapsulated Priedlander’s Bacilli to Phagocytosis 
in a Fluid Medium 

Friedlander’s bacillus in its virulent form, like pneumococcus, possesses a 
capsule which protects it against phagocytic cells. WTien suspended in a fluid 
medium with active leucocytes, Friedlander’s bacilli are not phagocyted unless 
previously coated with specific opsonin. The ability of the frilly encapsulated 
organism to resist phagocytosis in a fluid medium is shown by the following 
experiment. 

Experiment 1. — Friedlander’s badlli from 2 ml. of a 4 hour culture in tiyptose phosphate 
broth were washed twice with iced gelatin-Locke’s solution and suspended ^with washed 
leucocytes harvested from the peritoneal cavities of four rats injected intraperitoneaUy 24 
hours previously with starch-aleuronat (4). The cells were washed from the peritoneal 
cavity of each rat with cold gelatin-Locke’s solution con tainin g liquaemin^ (1 : 1000 concentra- 
tion) and after centrifugation were rewashed at least once before being added to the bacteria. 
.411 supernatant fluid was pomed off the final centrifugates of the bacterial and leucocytic 
suspensions before they were mixed. The final cell-badllus mixture contained approxi- 
mately ten phagocytes and twenty-five bacilli per oil immersion field when placed beneath a 

* This study was supported by the Commonwealth Fund. 

t Recipient of Research Fellowship awarded by the Lederle Laboratories, Inc. 

.4 commercial preparation of the sodium salt of heparin — 1 ml. = 10 mg. (Roche Organon 
Inc.) ’ 
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coverslip. Such mixtures, incubated at 37®C. in hanging drop preparations or between 
coverslips, uniformly failed to show appreciable phagocytosis (Fig. 1). Direct observation of 
the phagocytes in tlie hanging drop mixtures’ revealed that bacilli were frequently pushed 
aside by advandng leucocytes and were not phagocy ted in spite of repeated contacts with the 
cells (Figs. 2 to 5). 

(B) Dcvwiislralion that Phagocytosis oj FricdldndcPs Bacilli Occurs in the 
Lung in the Absence of Local as Well as Circulating Antibody 

Although phagocytosis of Friedlander’s bacilli occurs in the lungs of rats 
whose serum contains no detectable opsonin (1), it may be argued that the 
observed phagocytic reaction is due to the local accumulation of antibody in 
the pulmonary tissues. The result of the followhig e.xperiment would appear to 
rule out this possibility. 

Experimettl 2 . — ^Normal rat lungs were fixed for 2-1 hours in 10 per cent formalin to eliminate 
all living cells and unprecipitated proteins. The fixed lungs were washed for at least 5 days in 
tap water and were rinsed with gelatin-Locke’s solution before being used. Into the left 
main bronchus of each formalin-fixed lung was injected a suspension of leucocytes and Fried- 
liinder’s bacilli in gelatin-Locke’s solution. The bacteria used in the suspension were obtained 
by centrifugation from 3.5 ml. of a 4 hour culture in tryptose phosphate broth containing 1 per 
cent rabbit serum. The harvested organisms were washed twice in cold gelatin-Locke’s 
solution before being added to washed leucocytes obtained from the peritoneal cavities of six 
rats (see above). To insure penetration of the leucocyte-bacillus mixture into the alveoli, 
each lung was e.xpanded gently under negative pressure at the time the mixture was intro- 
duced by cannula into the bronchus. The injected lungs were incubated for 2 hours at 37°C. 
and then fixed in Zenker-formol solution, sectioned, and stained by the Gram-Weigert tech- 
nique (5). 

As shown in Fig. 6 phagocytosis of the FriecUander bacilli occurred even in the 
formalin-fixed lungs, which contained no pos.sible source of opsonin other than 
the phagocytic cells themselves. It can be concluded, therefore, that the 
ability of leucocytes to attack virulent Friedlander’s bacilli in the lung is not 
dependent upon the accumulation of local antibody in the pulmonary tissue. 

(C) Phagocytosis of FricdldndePs Bacilli on T issue and Other Surfaces 

From the foregoing observations it appeared likely that the non-antibody 
phagocytosis of Friedlander’s bacilli is due to the same type of surface mecha- 
nism that has been shown to operate in the case of pneumococci (4). To test 
this hypothesis experiments were performed in which mixtures of leucocytes 
and Friedlander’s bacilli were placed on various solid surfaces and meubated in a 
moist atmosphere at 37°C. for 60 minutes. At the end of incubation impression 

- Unstained organisms from 4 hour cultures in tryptose phosphate broth were used in all 
e-xperiments e.xcept when preparations were made for photogr.aphy, in which case the bacteria 
were stained with carbolfuchsin as previously described (4). Repeated control e.xperiments 
demonstrated that the stained orgam'sms behaved toward the leucocytes exactly as did the 
unstained organisms. 
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smears were made from the test surfaces and were stained with methylene blue. 
The e.\act techniques employed in carrying out the e.xperiments have already 
been described (4). 

.As shown in Table I, leucocytes having access to the surfaces of normal or 
boiled tissues, or to such rough inert material as moistened filter paper are able 
to phagocyte the encapsulated Friedlander bacilli in the absence of antibody 
(Fig. 7). No such phagocj’tosis occurs on the smooth surface of a glass cover- 
slip* (Fig. 1). Leucocytes suspended in the fluid medium of a hanging or 
suspended drop (4) likewise fail to phagocyte the organisms. Thus, fully 
encapsulated Friedlander’s bacilli, like pneumoccocci, are phagocyted in' the 
absence of opsonins only when the leucocytes have access to a suitable surface 
upon which to operate. 


T.ABLE I 

Tests for Phagocytosis on the Surfaces of Fresh Rat Tissues, Boiled Rat Tissues,* hloistened 

Filter Paper, and on Glass 



+ 

4- 

4- 



Boiled luDg 




4- 







* Boiled for 30 minutes. 


(Z?) Direct Visualization of Surface Phagocytosis 

The technique employed to visualize directly the surface phagocytosis of 
Friedlander’s bacilli was similar to that used in the study of pneumococcal 
infections (4). 

Normal rat lungs, fixed for 24 hours in 10 per cent formalin, were washed for several daj's 
in tap water, embedded in parafiin, and cut in sections of 5 microns thickness. The cut sec- 
tions were floated onto “O” coverslips and allowed to dry before being washed in xylol to 
remove theparaffin. The mounted tissues were finally run through alcohol, washed repeatedlv 
in distilled water, and allowed to dr>'. A small drop of bacillus-leucocyte mixture in gelatin- 
Locke’s solution was placed on each moimted lung section, which was then inverted as a 
hanging drop preparation in the cavity of a hollow ground slide and rimmed with vaseline to 
prevent drying. Each preparation was placed in the warm stage of the microscope f37 C.) 
and was observed under the oil immersion lens. The phagocj-tic process could thus be 
watched directly in the alveoli close to the margin of the drop where the layer of fluid was 
sufficiently thin to confine the leucocytes and the bacteria to the alveolar cavities. 


* If the leucocyte-bacillus mixture is sufficiently concentrated, some phagocytosis will occur 
on the glass surface due at least in part, to “intercellular surface phagorytosis.” (See below.) 
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As is illustrated by the photographs in Figs. 8-15, phagocytosis of the 
Friedlander bacilli resulted when the organisms were pinned against the 
alveolar walls by the migrating leucocytes. It should be emphasized that the 
leucocytes appeared to wander about purely at random, there being no evidence 
of either positive or negative chemotaxis. The sequences photographed were 
selected to illustrate the phagocytic process, but frequently the leucocytes 
singled out for observation moved about the alveolus without trapping any of 
the bacteria against the alveolar walls. In such cases no phagocytosis resulted. 
Occasionally bacteria were caught between the surfaces of two or more leuco- 
cytes that happened to collide with one another. Bacteria so trapped be- 
tween the surfaces of contiguous cells were often phagocyted. This type of 
phagocytosis referred to as “inter-cellular surface phagocytosis,” will be de- 
scribed in more detail elsewhere (6). 

(E) Evidence that Surface Phagocytosis Brings about Destruction 
of FricdlandePs Bacilli 

Apparent intracellular digestion of Friedliinder’s bacilli following phagocy- 
tosis by the surface mechanism was demonstrated as follows: — 

Leucocyte-Frieclliinder’s bacillus nihctures prepared as described above (section A) were 
incubated on the surface of moistened filter paper for 45 minutes (see section C) and were then 
washed from the filter paper with 10 ml. of iced gelatin-Locke’s solution. The cells, many of 
which contained intracellular organisms, were twice centrifuged in iced gelatin-Locke’s 
solution at 800 R,p.it. for 5 minutes to eliminate e-ttracellular bacilli. The centrifuged cells 
were finally suspended in appro-vimately 10 volumes of normal rat serum containing liquaemin 
in a concentration of 1 : 100 and were incubated at 37°C. The final suspensions were made in 
normal rat serum in order to provide an optimal environment for the leucocytes. (It should 
be reemphasized that normal rat serum contains no detectable antibody against this strain of 
Friedlander’s bacillus (1) .) Smears of the incubating cell suspension were made every 15 to 30 
minutes and were stained with methylene blue. The numbers of intracellular and extra- 
cellular bacilli noted per 500 polymorphonuclear leucocytes arc recorded in Table II. 

The results of the bacterial counts indicate a pronounced decrease in the 
number of intracellular organisms during the period of incubation following 
phagocytosis. The decrease in intracellular organisms appears to be due to 
digestion of the phagocyted bacteria. However, because of the concomitant 
increase in the number of extracellular bacilli during incubation, it is possible 
that the decrease in intracellular organisms was due merely to the escape of 
bacteria from the cytoplasm of the phagocytes rather than to digestion. A 
method was devised, therefore, to observe directly the fate of the phagocyted 
bacteria during the period of incubation. 

As in the preceding experiment phagocytosis was brought about on moistened filter paper, 
and leucocytes containing phagocyted Friedlander’s bacilli were suspended in normal rat 
serum after the extracellular organisms had been removed by centrifugation. A drop of the 
serum-cell nuxture was spread, in as thin a layer as possible, on a mounted section of fixed rat 
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lung (see section D) and was observed in the warm stage of the microscope under oil immersion 
lens. 

In each e.\periment a single selected leucocyte containing two or more 
phagocyted bacilli was watched for several hours. Repeatedly the outlines of 
the bacilli were seen to become faint as if from partial digestion, and occasionally 
the organisms disappeared completely from the cytoplasm of the leucocyte. 
Only once was intracellular multiplication of the bacilli observed, and in this 
instance the leucocyte when first observed was non-motile andapparently dead. 

Because of these last observations additional e.xperiments were carried out 
to test further the ability of phagocyted organisms to multiply in the cytoplasm 
of the cells. 


TABLE n 


Data Indicating Intracdlidar Digestion of Friedldndcs^s Bacilli Following Surface Phagocytosis 


Time of motivation (37”C.) following 
surface phagocytosis 

Ko. of intracellular badlU 
per 500 feacocytes 

N'o. of eatrocellular badlli 
' per 500 leucocytes 

min. 



0 

755 

102 

45 

632 

311 

90 

468 

>1000 

150 

356 

>1000 


Leucocytes that had phagocyted Friedlander’s bacilli on moistened Slter paper, and from 
which most of the ertracellular organisms had been removed by centrifugation were smeared 
on a glass slide and stained with methylene blue. A direct count on the stained preparation 
was made to determine the number of leucocytes containing Ftiedlander’s bacilli. A second 
portion of the centrifuged cells was spread gently over the surface of a thin coverslip and before 
the preparation could dry, the coverslip was inverted onto a warm glass slide on the surface of 
which had been placed a drop of melted agar (45'’C.) containing trypan blue. The trypan 
blue-agar mixture was made by mixing equal parts of 3 per cent agar (in double strength 
tryptose phosphate broth) and 1 per cent trypan blue in Locke’s solution. Repeated control 
experiments showed that this concentration of trypan blue in the agar exerted no demonstrable 
effect upon the growth of unphagocyted Friedlander’s bacilli. When the inverted coverslip 
was placed upon the drop of trypan blue-agar, capillary action caused the agar to spread out 
rapidly between the two glass surfaces, embedding the cells in tire upper plane just beneath the 
covershp. After the agar had solidified, the coverslip was rimmed with paraffin, and the 
preparation was incubated at 37°C. for 2 hours before being examined under the microscope. 

In repeated e.xperiments only about 10 per cent of the leucocjdes containing 
Friedlander’s bacilli exhibited colonies of bacteria,’ and most of the intracellular 
colonies were observed to be in leucocjdes, the nuclei of which were stained with 
trypan blue. Since trypan blue, in the concentrations employed, stains the 
nuclei of dead cells and is not taken up by living cells (7), it was concluded that 

These data were later confirmed by using the more direct agar-slide method. (See below.) 
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intracellular multiplication occurrcxl primarily in the cytoplasm of non-viable 
leucocytes. 

The foregoing results indicated that phagocyted Friedliinder’s bacilli were 
eventually killed by the leucocytes, provided the latter were still viable. Since 
the process of digestion appeared to be relatively slow, sometimes lasting for 
several hours, a technique was devised to determine the ajipro.ximate speed with 
which the phagocyted bacilli were killed by the leucocytes. The method used 
was based upon a test for the viability of organisms previously c-xposed to the 
intracellular environment of phagocytic cells. 

Concentrated suspensions of Fricdliindcr’s bacilli and rat leucocytes in gelatin-Locke’s 
solution containing 10 per cent rat serum* were incubated for 30 nunutes on moistened filter 
paper as in previous experiments. The leucocytes were then washed from the surface of the 
paper with iced gelatin-Locke’s solution and were rewashed three times to remove extracellular 
bacteria.® The final centrifugation was carried out in cold tryptose phosphate brotli, rather 
than Locke’s solution, and the centrifugate was transferred to an iced mortar containing 0.25 
gm. of sterile sand. The sand-cell mLxture was ground for 15 seconds with a mortar to break 
up the leucocytes and free the phagocyted bacteria. The ground mixture was taken up in 5 
ml. of cold tryptose broth, and the sand and cellular debris were separated from the bacteria 
by slow centrifugation. The bacilli remaim'ng in the supernatant were finally concentrated 
by centrifugation in the cold (20 minutes, at 2000 R.p.ir.), and the supernatant was discarded. 
The centrifuged bacteria thus freed from the leucocytes, were finally suspended in 0.5 ml. of 
2 per cent liquid agar (45‘’C.) and were incubated between two thin layers of sohd agar pre- 
pared as follows: — 

Melted 2 per cent agar at ‘15'’C. was smeared onto the clean surface of a coverslip in a very 
thin layer. This first la 3 'er of agar was allowed to solidify but not dry'. A drop of tlie agar 
containing the bacteria was then spread in a similar manner over the first layer and was 
allowed to solidify. A third thin layer of plain agar was inunediately spread over the surface 
of tlie second, and as soon as the agar had solidified, the preparation was incubated for 2 hours 
in a sealed Petri dish lined with moistened filter paper. Upon being removed from the Petri 
dish, the agar surface was stained for 1 minute with methylene blue and was washed in tap 
water. The wet preparation was finally inverted, mounted on a glass slide, and rimmed with 
melted paraffin to prevent drying of the agar. Ready diffusion of the methylene blue through 
the top layer of agar caused clear staining of the bacteria in the middle agar layer. It w;is 
found necessary to use tliree layers of agar, as described, in order to prevent disruption of 
colonies during tlie staining procedure. 

In such agar-slide preparations each viable organism was easily identified since it formed a 
definite colony in the solid mediflm (Fig. 16) . Dead organisms, on the other hand, remained as 
single isolated bacilli (Fig. 17). When non-phagocyted Friedlander’s bacillF were tested by 
the same method, 99 to 100 per cent of them multiplied to form colonies. In contrast, more 
than one-third of the phagocj'ted bacteria freed from the cytoplasm of the leucocytes remained 
as single organisms in the agar. Their failure to multiply indicated that they had been killed 
by the leucocytes apparently during the 30 minute period of incubation on filter paper. Ex- 


^ To preserve maximum activity of leucocytes (4). 

® Cells separated from bacteria by slow centrifugation (800 e.p.m., for 5 minutes). 

The usual proportion of phagocytes to bacteria was included in these control inbctures, 
but no phagocytosis was allowed to take place, since the incubation was carried out on glass 
slides rather than on filter paper. The control mi.xtures were ground with sand in the same 
marmer as the test mixtures. 
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posuie of FricdLinder’s bacilli at 37°C. to the intraccUuIar environment for periods longer than 
30 minutes (up to 2 hours) did not materially influence the results of the experiment. 

Although the rapid bactericidal action of surface phagocytosis was thus 
clearly demonstrated, it should be emphasized that the agar-slide method, as 
used in these experiments, was relatively crude and did not yield quantitatively 
accurate data. Ail errors involved, however, were such as to m i nim ize rather 
than exaggerate the actual bactericidal effect of the phagocytosis.® 

DISCUSSION 

Surface phagocytosis has been shown to be of prime importance in the 
mechanism of recovery in pneumococcal pneumonia since it brings about 
destruction of pneumococci in the lung in the absence of antibody. In the 
present studies of experimental Friedlander’s bacillus pneumonia phagocytosis 
of encapsulated bacilli has likewise been observed in the lung in the absence of 
both circulating and local opsonins. Analysis of the non-antibody phagocytic 
reaction has revealed that the same surface factors are involved as in the case of 
pneumococcus. Only by pinning the encapsulated Friedlander bacilli against 
the alveolar or bronchial surfaces, or agamst the surfaces of adjacent phago- 
cytes, can the leucocytes engulf the imopsonized orga nisms . The bacilli 
floating freely in a fliud medium are only pushed about by the leucocytes and 
are not taken into the cells. 

Since Friedlander’s organism exerts no apparent chemotactic effect upon the 
leucocytes, the surface mechanism of phagocytosis would be relatively in- 
efficient in ridding the lung of bacteria were it not for the extremely dense 
population of leucocytes which eventually accumulates in each infected alveo- 
lus.® \Mien the spread of the pneumonia has been stopped by chemotherapy 
(1), the crowding of phagocytic cells into the infected alveolar spaces and 
bronchi finally results in all of the bacteria being pinned agamst tissue surfaces 
or trapped between two or more viable leucocytes. Thus all of the bacteria 
remaining in the lung may in time be phagocyted by the surface mechanism. 

Once the bacilli enter the cytoplasm of the phagocyte they are rapidly killed. 
Although digestion of the phagocyted Friedlander organisms appears to be 
slower than that of pneumococci and may not be complete for several hourSj 

® The principal sources of error in the method were as follows: (1) Killed organisms that 
had been partially digested were often difficult to identify as bacilli and therefore were not 
included in the final counts. (2) The relatively large number of viable bacteria released from 
each of the dead leucocytes in which intracellular multiplication occurred, tended to distort 
the final count in favor of the living organisms. (3) All bacilli that remained outside of the 
leucocytes in the filter paper preparations and were not removed by the differential centrifuga- 
tion appeared in the final counts as viable bacilU. (4) Whereas, occasional single bacilli 
(killed) may have been missed in the counting process, no viable organisms could have been 
overlooked because of the obvious colonies formed. 

’ The density of the leucocj-tic population in typical lesions of bacterial pneumonia is 
apparent from routine tissue sections taken from areas of advanced consolidation (5, 9). 
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many of the bacilli are rendered non-viable in less than 30 minutes. Intra- 
cellular multiplication occurs only rarely and appears to result from premature 
death of the phagocyte. Even under the conditions of in vitro e.xperiments 
appro.ximately 90 per cent of the phagocytes survived long enough to kill all 
phagocyted organisms and thus prevent intracellular multiplication. Since 
surface phagocytosis of Friedliinder's bacilli can be demonstrated in the lung, 
and since the ingested bacilli are rapidly killed by the leucocytes, it is only 
logical to conclude that this non-antibody form of phagocytosis plays just as 
important a part in the mechanism of recovery in Friedliinder’s pneumonia as it 
does in pneumococcal pneumonia. 

It is not implied by the foregoing statement that all Friedlander’s bacilli 
that invade the lung are destroyed by surface phagocytosis. Some of the 
bacilli are carried away from the alveoli and bronchi by lymphatic drainage, and 
some eventually enter the blood stream (9). How those organisms that escape 
from the lung are ultimately destroyed remains to be determined. It can be 
safely said, however, that of those Friedlander’s bacilli that remain in the lung, 
the great majority appear to be killed by the surface mechanism of phagocytosis. 

As has already been pointed out (1), pneumonia caused by Friedlander’s 
bacillus differs from Type I pneumococcal pneumonia in one important respect. 
Whereas Type I pneumococcus rarely causes permanent damage to pulmonary 
tissue, the Friedlander bacillus not infrequently multiplies to such an extent in 
certain alveoli that necrosis results and a lung abscess is formed. In such 
abscessed areas the phagocytes are unable to destroy all of the bacilli, even when 
the animal is treated intensively for many days with sulfonamide (1). The 
failure of the leucocytes to rid abscesses of bacteria would appear to be due to at 
least two factors. First, the absence of the normal alveolar walls in the 
abscessed areas deprives the leucocytes of much of the tissue surface upon which 
they operate in the intact lung. Thus surface phagocytosis is rendered rela- 
tively inefficient. Secondly, most of the leucocytes, particularly in the center of 
a lung abscess are either non-viable or so sluggish that they cannot attack the 
bacteria. Leucocytes deprived of oxygen soon become non-motile and lose their 
phagocytic properties (8). Since the principal source of oxygen for leucocytes 
in a lung abscess is the intact alveolar capillaries at the periphery of the lesion, 
it is not surprising that the phagocytes in the central portion of the abscess fail 
to destroy the bacteria. These same two factors would appear to account at 
least in part for the failure of systemic chemotherapy to cure empyema and 
other pyogenic complications of pneumococcal as well as Friedlander’s pneu- 
monia (4). 


SUMMARY 

Phagocytosis of encapsulated Friedlander’s bacilli has been demonstrated in 
the lungs of rats in the absence of both circulating and local antibody. The 
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mechanism of phagocytosis independent of antibody has been shown to be due 
to the same surface factors that operate in the phagocytosis of Type I pneumo- 
coccus under similar conditions. Direct observation of the phagocytic process 
reveals that leucocytes in the lung can phagocyte imopsonked Friedlander’s 
bacilli only by trapping them against the surfaces of alveolar walls or bronchi, 
or by pinning them against the surfaces of adjacent leucocytes. Evidence is 
presented that Friedlander’s bacilli thus phagocyted are rapidly killed in the 
cytoplasm of the phagocytic cells. Reasons are discussed for the failure of 
prolonged chemotherapy to cure limg abscesses that not infrequently compli- 
cate the pneumonia due to Friedlander’s bacillus. 
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EXPL^YNATION OF PLATES 

FLxed smears and agar-slides stained with methylene blue (Figs. 1, 7, 16, and 17), 
lung section stained by tire Gram-Weigert technique (Fig, 6), and bacteria in vital 
preparations stained with carbolfuchsin (Fip. 2 to 5 and 8 to 15). FLxed smears, 
agar-slides, and lung section photographed by Mr. Cramer Lewis. 

Plate 27 

Fig. 1. Failure of leucocytes to phagocyte Friedlander’s bacilli on surface of glass 
slide. Although in intimate contact with the cells the bacilli have not been phago- 
cyted. X 1800. 

Figs. 2 to 5. Series of photomicrographs showing failure of leucocyte to phagocyte 
Friedlander’s bacilli in hanging drop. 

Fig. 2. Advancing pseudopods of cell are just coming into contact with two clumps 
of bacilli. Time, 1 :05} p.m. X 1250, 

Fig. 3. Advancing cell has pushed clumps of bacilli apart and is in intimate contact 
with the bacteria. Time, 1 :06 p.m. X 1250. 

Fig. 4. Cell passes between the two dumps of bacilli. Time, 1 :065 p.m. X 1250. 

Fig. 5. Cell continues on its rvay leaving bacilli behind without having phagocyted 
any of them. Time, 1 :07 p.m. X 1250. 

Fig. 6. Phagocytosis of Friedlander’s bacilli following injection of bacillus-leucocyte 
mixture into formalin-fixed rat lung. X 1300. 

Fig. 7. Phagocytosis of Friedlander’s bacilli on surface of moistened filter paper. 
X 1800. 




Plate 28 


Figs. 8 to 12. Scries showing surface phagocytosis in section of normal rat lung. 

Fig. 8. Leucocyte is seen approaching Friedlancler’s bacilli near alveolar wall. 
Time, 12:30 p.ni. X 1250. 

Fig. 9. Leucocyte has reached alveolar wall and is about to trap bacilli against the 
tissue -surface. Time, 12:31 jj.m. X 12.30. 

Fig. 10. Cell has trapped some of the bacilli against the wall and is in process of 
phagocjfting them. Time, 12:32 p.m. X 1250. 

Fig. 11. Having phagocyted several of the bacilli, the leucocyte is moving along the 
alveolar wall. Time, 12:35 ii.m. X 1250. 

Fig. 12. The cell continues to migrate up the alveolar wall; the bacilli can still be 
seen clearly in the cytoplasm of the leucocyte. Time, 12:40 p.m. X 1250. 

Figs. 13 to 15. Series showing surface phagocytosis of Friedliinder’s bacilli in 
another section of rat lung. 

Fig. 13. Leucocyte is just making contact with bacilli trapped in corner of alveolus. 
Time, 12:35 p.m. X 1250. 

Fig. 14. Leucocyte has pinned bacilli against alveolar wall and is phagocyting them. 
Some of the bacilli can alreadj' be seen in the phagocyte. Time, 12:37 p.m. X 1250. 

Fig. 15. Phagocytosis complete with most of bacilli in cytoplasm of the leucocyte. 
Time, 12:40 p.m. X 1250. 

Fig. 16. Multiplication of non-phagocyted Fricdlandcr’s bacilli in agar slide. 
Colony formation indicates that each of the three bacilli that were originally in tlie 
field was viable. X 1800. 

Fig. 17. Failure of three out of four previousl}' phagocj'ted Friedliinder’s bacilli to 
multiply in a^ar slide. The three single bacilli that failed to multiply in the agar had 
been killed by leucocytes, whereas the viable organism formed a typical colony. The 
bacillus nearest to the colon}' is partially obscured by an overlying bit of cellular 
debris. X 1800. 
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the City of New York) 

(Received for publication, June 6, 1947) 

For a long time no satisfactory explanation could be found for the observation 
that many Rh-negative patients with clinical evidence of Rh sensitization had 
no demonstrable Rh antibodies in their sera. Recent work (1, 2) has shown 
that the reason for the apparent absence of Rh antibodies from the sera of such 
patients is that individuals sensitized to any antigen may form either or both 
of two major varieties of specific antibodies, namely, agglutinins (bivalent anti- 
bodies) and blocking antibodies or glutinins (univalent antibodies) . Rh block- 
ing antibodies are characterized by their inability to cliunp Rh-positive red 
cells in saline media, though they are specifically adsorbed by such cells and 
render the cells inagglutinable by subsequently added specific anti-Rh agglu- 
tinating sera. According to Wiener (3, 4) plasma (and serum) contains a 
substance called conglutinin, apparently a colloidal aggregate of plasma pro- 
teins and probably identical with the so called X-protein, which is adsorbed by 
red cells after they have been specifically sensitized by univalent antibodies, 
thus causing them to stick together (conglutination). 

Briefly, therefore, serological clumping may be brought about by two distinct 
mechanisms, agglutination and conglutination, which have the following dis- 
tmguishmg features. Agglutination occurs in saline media and is not improved 
by the presence of plasma or serum; according to the present authors’ views 
this reaction takes place in a single stage through the action of bivalent (or 
multivalent) antibodies which “link” the multivalent red cells together. Con- 
glutination, on the other hand, occurs only in the presence of plasma or serum 
or other media containing conglutinin. This reaction takes place in two stages : 
first the specific combination between red cells and the corresponding univalent 
antibodies, and then adsorption of the non-specific conglutinin by the sensitized 
red cells causing the cells to “stick” together. Thus, conglutinin plays an 
analogous rfile in the conglutination reaction to that of complement in serologi- 
cal hemolysis. Evidence has been obtained that indmduals sensitized to the 
A and B factors can similarly form these two v-arieties of specific antibodies 
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(S, 6) and there is no reason to doubt the general immunological significance of 
the phenomenon (7). 

From the foregoing it seems apparent that the intensity of the clumping in 
the conglutination test will depend not only on the titer of blocking antibody 
(or glutinin) but also on the quantity and quality of the conglutinin. The 
use of a potent conglutinin should increase the sensitivity of the conglutination 
test in much the same way that a potent complement reduces the amount of 
sheep cell amboceptor required to cause specific hemolysis of sheep erythro- 
cytes. It therefore seemed worth while to investigate what factors influence 
the quality of conglutinin, and the purpose of this paper is to present the re- 
sults of some of these experiments. 

Materials and Methods 

To facilitate the comparison of results obtained on different days the Rh antisera used in 
the invesrigations to be described were obtained from only two individuals. Neither of the 
sera was capable of clumping Rh-positive red cells in saline media but strong clumping occurred 
in the presence of plasma. All the tests were done by the conglutination technic, that is, by 
titrations carried out in the following way (4). A series of progressively doubled saline dilu- 
tions of the Rh antiserum was first accurately prepared, and one drop of each dilution was 
transferred to a corresponding series of empty tubes (inside diameter 7 mm.). To each tube 
was then added a drop of a fresh 2 per cent saline suspension of Rh-positive red blood cells, 
and the rack containing the tubes was shaken and placed in a water bath at body temperature. 
After 1 hour the tubes were centrifuged at low speed and the supernatant fluid removed 
os comphidy as possible with the aid of a fine capillary pipette. (It is important that this 
step be carefully done because the presence of any residual fluid vitiates the results.) One 
drop of the solution being tested for its conglutinin content was then added to each tube. 
The red cells were resuspended by vigorously shaking the tubes and the mixtures incubated 
for another hour in the water bath. The sediments at the bottom of each tube were then dis- 
lodged by gently shaking the tubes, though more vigorously than in the case of Rh agglutina- 
tion tests, and the reacdons were read microscopically by placing the tubes on the stage of a 
microscope under the low power objeedve. 

For those unfamiliar with the conglutinadon technic it may be mendoned that mistakes 
in reading the reacdons can be avoided if the following points are borne in mind; 

In contrast to the reading in the agglutinadon test, the naked eye reading of the pattern 
of the sediment is of no value in the conglutinadon test, because in the presence of concentrated 
plasma negadvely reacting bloods do not give the typical negadve sediment reading. One 
must rely endrely on the microscopic reading, /riso centrifugadon does not improve the 
reacdons and should be avoided. In the presence of plasma, centrifugadon tends to pack the 
cells together into rounded masses, and when the tubes are subjected to the same amount of 
shaking as is necessary to render the negadve control homogenous, weak reacdons may be 
destroyed. Accordingly, for the conglutinadon test sedimentadon is preferable to centrifuga- 
don. 

The plasma used in the experiments was obtained by collecting blood in tubes containing 
dried oxalate powder, prepared as for the Wintrobe-Landsberg sedimentadon test. The 
tubes were inverted several dmes until the powder was completely dissolved and the plasma 
was separated either by sedimentadon or by centrifugadon. To obtain serum, blood was 
collect^ in dry clean tubes and allowed to clot. The clots were rimmed and the serum was 



A. S. ‘WIENER, J. G. HURST, AND E. B. SONN-GORDON 


269 


scp^TEtcd either by centiifugatioii or by allowxog the clots to retract- The serum and plasma 
were usually used fresh, or stored in the refrigerator for not longer than 2 or 3 days. 

The 25 per cent human albumin solution used in the experiments was purchased from the 
Cutter Laboratories; the 30 per cent bovine albumin solution from Armour and Company. 
The concentrated immune human gamma globulin used in our experiments was the preparation 
distributed by Cutter Laboratories for mKisles and pertussis prophylaxis. 

All titrations were performed at least in duplicate against Rh-positive group O cells of 
types Rhi and Rh-, and control tests with type rh cells were always included. In general, 
the results were the same regardless of the type of the Rh-positive cells. All of the experi- 
ments were repeated several times, but in the tables only a few representative protocols will 
be given. 


RESULTS 

The experiments to determine the nature of conglutinin will be presented 
under three headings, namely, (1) studies on oxalated plasma and serum 
(natural conglutinin), (2) studies on the effect of the addition of purified al- 
bumin and globulin to plasma (fortified conglutinin), and (3) studies on purified 
solutions of albumin and globulin and mixtures of these solutions (qmthetic 
conglutinin). 

Studies on Oxalated Plasma and Serum 

Pooled oxalated plasma from a number of normal adults was mixed in differ- 
ent proportions with saline solution in order to determine the effect of dilution 
on the conglutinating action of plasma. The following series of dilutions were 
prepared: 9 parts of plasma and 1 part of saline; 8 parts of plasma and 2 parts 
of saline; 7 parts of plasma and 3 parts of saline, etc., and then the conglutinat- 
ing activities of these dilutions were compared quantitatively with that of the 
original plasma. As shown in Table I, the activity progressively diminished 
as more and more saline was introduced, and no reactions were obtained when 
the concentration of the plasma was lower than 40 per cent of its ori^nal 
strength. WTien equal parts of plasma and saline were mixed, the titer obtained 
was only one-tenth as high as that obtained -with the original plasma and the 
reactions were much less distinct. 

This e.xplains why the sera from certain Rh-negative patients -with rliniral 
e'vidence of Rh sensitization, when titrated by the agglutination method, that 
is, in saline media, often show distinct clumping in the first tube of the titra- 
tion but little or none in any of the higher dilutions. The clumpmg observed 
in the first tube in such cases is not due to agglutination but to conglutination, 
as can be confirmed by repeating the titration, using the conglutination technic. 
In the first tube of a titration, the senun being tested is diluted only by the equal 
volume of the red cell suspension, so that, as shown in Table I, it is still possible 
for conglutination to occur owing to the action of residual conglutinin in the 
patient’s own serum. These findings also e.xplain the conflicting reports of 
British (8) and American workers (9, 10) concerning the frequency with which 
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anti-Rh agglutinins can be detected in the sera of sensitized patients. The 
technic used by the British workers (8) apparently permitted conglutination 
to occur and hence their reports that almost 100 per cent of sensitized Rh- 
negative individuals have detectable anti-Rh “agglutinins” in their sera are due 
to the failure to distinguish between clumping due to agglutination and clump- 
ing due to conglutination. American workers on the other hand, found that 
less than 50 per cent of sensitized patients have anti-Rh agglutinins in their sera, 
because the technic used by these workers precluded the occurrence of con- 
glutination. Confusion can be avoided if the terms “agglutinin” and “bivalent 
antibody” are reserved for those antibodies which produce clumping in saline 

TABLE I 


EJJecl oj Dilution of Plasma on its Conglutinin Content 


Proportion of 
saline and plasma 
in mixture tested 

Dilution of anti>Rh scrum (patient R.) 

Titer* 

Pooled 

plasma 

Saline 

1:2 

mi 

1:3 

1:16 

1-J2 

1:64 

1:123 

1-JS6 

10 

0 


d — t-dr 

H — f*± 

-j — f*± 

+ + 

+ + 


— 1 

96 

9 

1 

++± 

-i-+± 

++ 

+ + 


+ 

— 


64 

8 

2 



++ 

-1- + 

+± 

=b 

— 


48 

7 

3 

++ 

++ 

-I-+ 

++ 

+± 

dr 

— 


48 

6 

4 

-b+ 

-1-+ 

-hi 

i -hi 

db 




24 

5 

5 

+ 

+ 

+ 

± 

— 





4 

6 

± 

— 







. 1 

3 

7 

— 

— 









* The titer is the reciprocal of the highest dilution giving a one plus reaction. , Where no 
tube showed a one plus reaction, the titer is estimated by interpolation. 


media (agglutination) while the terms “blocking antibody,” “glutinin,” or 
“univalent antibody” are employed for those antibodies which can produce 
clumping only in the presence of plasma proteins (conglutination). As an all 
inclusive term “Rh antibodies” should be used instead of “Rh agglutinins,” 
in order to avoid ambiguity. Similarly, when describing the reactions, “clump- 
ing” should be used as the all inclusive term because the use of the term “ag- 
glutination” would cause confusion. 

The observations shown in Table I are readily e.xplained if, as has been 
suggested in a previous paper (3), conglutinin is identical with the so called 
X-protein studied by Pedersen (11). As Pedersen has pointed out, in dilute 
solutions plasma and serum behave in the ultracentrifuge as if they contain 
two major protem components, albumin and gamma globulin. As the dilution 
is decreased a third component (beta globulin or X-protein) appears which 
thereafter increases linearly with increase in total protein concentration, at the 
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expense of the albumin and gamma globulin. Pedersen concludes that X- 
protein is a reversibly dissociable compound formed by albumin, globulin, and 
certain lipids, having a total particle weight of about a million. He also be- 
lieves that X-protein probably contains 3 or 4 times as many molecules of al- 
bumin as of globulin. As shown in the diagram in Pedersen’s monograph, 
X-protein was first detectable in the ultracentrifuge when there was a total 
protein concentration of about 1.5 gm. per 100 cc., while in our experiments the 
lowest protein concentration to give a positive reaction was about 3 per cent. 
This indicates that the minima l concentration of X-protein to produce a dis- 
tinct reaction in the conglutination test is about % to 1 gm. per 100 cc. 

From the nature of X-protein it seems obvious that it would be impossible 
to obtain X-protein in the form of a pure solution. The formation of X-protein 
can be expressed by the following equilibrium equation: 

Albumin gamma globulin X-protein. 

In view of a recent report by Jakobowicz and Bryce (12), the experiment 
shown in Table I was repeated, using cerebrospinal fluid as a diluent instead of 
saline solution, and identical results were obtained. The phenomenon observed 
by these authors must therefore be ascribed to the water content and not any 
special property peculiar to cerebrospinal fluid. The bizarre results obtained 
by them were probably due to the use of sera containing a mixture of agglutinat- 
ing and blocking antibodies of appro.ximately equal titers. In our hands, such 
sera gave erratic results in tests performed in saline media. Thxis, in some ex- 
periments strong clumping was obtained, while in tests made on other days with 
serum of the same derivation, the clumping was weak or absent, owing to com- 
petition between the two sorts of antibodies present in the serum. 

In order to determine the effect of heating on conglutinin, samples of pooled 
plasma and serum were heated for one-half hour at 56°C. in the water bath. 
The conglutinating activities of the heated and unheated plasma and serum 
were then compared. As shown in Table II, in accordance with findings pre- 
viously reported (4), pooled unheated serum is distinctly less active than pooled 
unheated plasma. Heating improves the activity of serum but weakens 
the activity of plasma so that the two approximate each other. The deleterious 
effect on plasma is readily explained because heating causes the fibrinogen to 
precipitate out and thus converts the plasma to serum. Aside from precipitat- 
ing fibrinogen, heating at 56°C. does not appear to damage conglutinin, but 
instead seems to stabilize it, judging from the effect of heatmg on serum. This 
would seem to make the use of heated serum for conglutination tests desirable, 
e.xcept that heated serum has a greater tendency to produce rouleaux formation 
than either fresh serum or fresh plasma. 

As has just been pointed out, plasma is much more active than serum as a 
source of conglutinin. Since the only known substance present in plasma that 
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is lackmg from serum is fibrinogen, the increased activity must be attributed 
to this substance. When one considers tlie low concentration of fibrinogen as 
compared with the other plasma proteins it may seem surprising that its pres- 
ence should cause such a marked increase in the conglutinating activity. This 
finding will be more acceptable if one considers that fibrinogen in conjunction 
with other proteins makes up the colloidal comple.x conglutinm, and that it is the 
quality and quantity of this conglutinin, not merely the concentration of pro- 
teins in solution, which determine the conglutinating activity. In the studies 

TABLE II 


Effect of Heating* on the Conglutinin Content of Pooled Human Plasma and 

Human Serum 


Material tested 

Test 

Dilution o( asti-Rh serum (patient R.) 

Titer 

Aver- 

cells 

Un- 

diluted 

m 

l:i 

1:S 

1:16 

1 

1:61 

1:23 

age 

titer 

Pooled adult plasma 1 
(unheated) | 

Rh, 

Rh, 

rh 

++± 

++± 

++± 

++=b 

++± 

++± 

++± 

+ + 
+ + 

+zt 

++ 

d: 

=b 


48 

48 

J 48 

Pooled adult serum 1 

(unheated) | 

Rh, 

Rh, 

rh 


-f-i 

++ 

-hsb 

++ 

d-d: 

++ 

db 

-f-d: 

d: 

— 


12 

24 


Pooled adult plasma 1 
(heated) ] 

Rh, 

Rh, 

rh 

-f± 

++± 

++ 

++± 

++ 

+ + 
+ + 

+± 

++ 

d: 

+d: 



24 

48 

1 36 

Pooled adult serum j 
(heated) ' 1 

Rh, 

Rh, 

rh 

++ 

++ 

++ 

++ 

++± 

+ + 
++± 

+ 

++ 

dz 

++ 

— 


16 

48 

1 32 


* The heated specimens were kept in a water bath at S6°C. for one-half hour. 


of Pedersen discussed above the fibrinogen content of the serum was not taken 
into account. 

The conglutinating activities of samples of plasma of different normal indi- 
viduals and patients were ne.\t compared in order to determine whether there 
are individual variations in the conglutinin content of plasma from normal 
individuals, and whether the conglutinin content is affected by particular 
diseases. This work.is still in progress and can be reported only in a prelim- 
inary manner at the present time. No significant difference could be demon- 
strated in the conglutinin content of plasma from different normal individuals 
or from the same individual at different times. A small but significant increase 
in the conglutinating activity was demonstrated in some patients with pneu- 
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monia and other infectious diseases, which is readily understandable in view of 
the high fibrinogen content of plasma of such patients, as demonstrated also 
by the high sedimentation rate. That increased fibrinogen was not always the 
explanation for the increased conglutinin content of plasma was indicated by 
experiments on the corresponding blood serums in which an increased con- 
glutinin content could also at times be demonstrated. Other important factors 
to be taken into consideration are the albumin-globulin ratio and the state of 
hydration of the individual. 


TABLE m 

Comparison of Conglutinin Content of Adult Plasma, Adult Strum, Fetal Plasma, 
and Petal Serum 


Materia tested 

Test 

DUutioii of serum (patient B..) 

Ti- 

Aver- 

ceUs 

Undi- 

luted 

in 

1:4 

1:3 



1.-64 

so 

o 

lO 

2 

ter 

tiur 

( 

Rhi 

-i-i- 


-h-f 

-h-l- 

++ 

+± 


— 


48 

1 72 

Pooled adult plasma ( 

Rhi 

++Az 

++± 

-1— p-f 

++db 


4*4“ 


d: 

— 

96 

1 

rh. 

— 











Fooled adult serum t 

Rhi 

Rh, 


-f d: 

-h-f 

-h-h 

+-1- 

-fd: 


- 



24 

40 

1 32 

1 

rb 

— 

— 











Rhi 

da 

d: 



-f± 





20 

1 22 

Pooled fetal plasma 

Rh, 

-i-± 




+d: 

d: 

— 



24 


rh 

— 

— 











Rh 










1 

}io 

Pooled fetal serum 

Rh 

d= 


+Az 

+ 

4" 

-u 

— 



20 


rh 

— 

— 











Comparison of the conglutinin activity of plasma at various ages showed 
significant differences, particularly during the fetal and neonatal periods {cf. 
Table III) as compared with adult plasma. It is interesting that the findings 
obtained in these experiments confirm the prediction made by one of us (3) 
purely on theoretical grounds. Since blocking antibodies (or glutmins) behave 
as if they are imivalent and agglutmins behave as if they are bivalent, it was 
reasoned that the former are probably comprised of smaller molecules. This 
idea has been confirmed by demonstrating (13, 14) that blocking antibodies 
traverse the placenta more readily than agglutinins. To account for the abrupt 
onset of icterus gravis shortly after birth, it was postulated that the plasma of 
the fetus in ulero is deficient in conglutinin, but that conglutinin increases in 
concentration abruptly after birth and is adsorbed by the infant's red blood 
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cells which are aheady coated with univalent maternal antibody acquired from 
the mother while in tilcro. The observations shown in Tables III, IV, and V 
support this hypothesis. 

Table III demonstrates the greater potency of plasma and serum from adults 
as compared with plasma and serum from fetuses, when used as a source of 
conglutmin. When cord plasma or serum is used, not only are the titers con- 
siderably lower but the clumping is much less pronounced and more easily 

TABLE IV 


Congluiinin Content of the Serum and Plasma of an Erythroblastotic Infant before and after 
an Exchange Transfusion, Using Blood unth Half the Plasma Replaced by Saline Solution 


. 

Test 

Dilutions of anti-Kb setum (patient J.) 

Titer 

Aver- 

Matcri&l tested 

ceils 

Undi- 

luted 

l-A 

ra 

1;S 

1:16 

1-A2 

IdM 

1:123 

age 

titer 

Serum of baby D., at | 
beginning of trans- j 
fusion ( 

Rb, 

Rhj 

rh 

+ + 

+ + 

-b 


— 




0 

4 

) ^ 

Serum of baby D., at 1 
end of transfusion j 

Rbi 

Rh, 

rh 

dc ' 
+± 

+± 

+ 

db 

— 


1 


4 

}-* 

Plasma of baby D., 6 [ 
days after trans- ■( 
fusion ( 

Rh, 

Rh, 

rh 

-t-+ 

+-i-db 

+-1- 

++dz 

++ 

-b-b± 

++ 

++± 

1 

-b± 

++ 

1 




20 

24 

1 22 

Pooled adult plasma | 

Rh, 

Rh, 

rh 

++± 

-f-i-b 

1 

-b-b 

-b-b-b 

+-b 

-b-b± 

++ 

-j — f- 

+ + 
+ + 

+d= 

+± 

— 

40 

80 

1 60 

Pooled adult serum | 

Rh, 

Rb, 

rh 

H — hi 
— [I 

1 "" 

-b-b 

-b+ 

+-b 

+-b 

-b-b 

-b-b 

+ 

+± 

± 

— 


16 

24 

1 20 


broken up by shaking. As has aheady been mentioned, conglutinin seems to 
consist of a colloidal complex of plasma proteins probably identical with the 
so called X-protem. Accordingly, the conglutinin content of serum or plasma 
would be influenced by the concentration of the plasma proteins. Thus, the 
weaker conglutinating activity of cord plasma and serum corresponds with the 
lower concentration of plasma proteins in the fetal blood (15). 

Direct evidence supporting our concept of the pathogenesis of eiythroblas- 
tosis was obtained by studying the conglutinin content of plasma from eryth- 
roblastotic infants who were treated by exchange transfusion (17 , 18) . When 
whole citrated blood was transfused, it was found that thetotalproteinconcentra- 
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tion in the infant’s serum rose from a valueof approximately 5.5 gm. per 100 cc. 
at the beginning of the transfusion to about 7 gm. per 100 cc. at the end of the 
transfusion,' and there was a simultaneous rise in the conglutinin content of the 
serum. On the other hand, when blood was transfused from which .about 
two-fifths of the plasma had been removed and replaced with saline, there was 
no appreciable change in the total protein or conglutmin content. For example, 
in Table IV, are shown results of such studies on an infant with severe eryth- 
roblastosis (icterus gravis) treated by exchange transfusion at the age.of:-24 
hours. In this case, blood from which part of the plasma hadbeenremoyedand 


TABLE V . ■ 

Conglutinin Content of the Serum of an Erytkrohlastotic Infant before and after an Ecuhange 
Transfusion, Using Whole Cilrated Blood 


Matuial tested 

Test 

DilDtioaa of asd-Rh serum 


Average 

cells 
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luted 

in 

1:4 

1*^ 
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-r 
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days after transfusion ( 

rh 
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i 

i 
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Pooled adult plasma 

Rh, 

-i-i-± 

-1— i-± 

-f-h 

-fd- 


— 

* i 

16 


rh 
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replaced .with saline was used for treating the infant, and it will be seen that 
there was no appreciable change in the conglutinin titer after the transfusion. 
This infant was very ill when first seen — ^icterus index 60 units, hemoglobin 
concentration 8.7 gm. per 100 cc., nystagmus and subconjunctival hemorrhages, 
spleen firm with edge three fingers below the costal margin, skin mottled due 
to hemorrhage and jaundice, mother Rh-negative with an anti-Rh titer of 20 
units by the agglutination method and 70 units by albumin-plasma conglutina- 
tion method (16) — but the infant made a complete recovery after the exchange 
transfusion. As shown in Table IV, tests done 6 days after the transfusion 
revealed a marked increase in the conglutinating activity of the infant’s plasma, 

'These chemical determination were made by Dr. Paul Riedel, Senior Chemist. Bellevue 
Hospital. New York City. 
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and there seems to be no doubt tliat the disease would have progressed to a 
fatal termination under the older method of treatment. This case may be 
contrasted with another treated early in our series before it was our practice 
to remove part of the plasma from the donor’s blood and replace this with sa- 
line solution (16, 17) . As shown in Table V, in the earlier case transfused with 
whole citrated blood, there was a significant increase in the conglutinating activ- 
ity after the transfusion, and the disease progressed until the infant died on the 
6th day, despite the fact that treatment had been instituted without delay after 
delivery of the infant by Caesarian section and while the clinical manifestations 
were still mild. On the basis of this case we introduced the practice of removing 
part of the donor’s plasma and replacing it with salme solution. While the 
evidence provided by Tables IV and V may seem episodic, the satisfactory 
results we have obtained in a series of fifteen exchange transfusions carried out 
with blood with part of its plasma replaced by saline solution appear to justify 
this practice. 

Fortification of Conglutinin in Plasma by the Addition of 
Albumin and Globulin 

In order to throw further light on the nature of conglutinin, experiments 
were carried out to determine the effect on the conglutinating activity of plasma 
of the addition to it of albumin and globulin. 

It was first found that the addition of certain optimal quantities of albumin 
markedly enhanced the activity of the plasma and this in fact led us to the 
development of a new direct test for Rh sensitization (16). To demonstrate 
the fortifying effect of added albumin on the conglutinating activity of plasma 
a series of mixtures of 25 per cent human albumin solution and pooled plasma 
were prepared in the following proportions: 9 parts of 25 per cent albumin 
solution and 1 part of pooled plasma, 3 parts albumin solution and 1 part of 
pooled plasma, equal parts albumin solution and plasma, 1 part albumin solu- 
tion and 3 parts plasma, etc. {cf. Table VI). The conglutinating activity of 
each of these mixtures was determined and compared with that of the 25 per cent 
albumin solution and the pooled plasma. It will be seen that the lowest titer 
was obtained with the concentrated albumin solution (25 units), while the titer 
given by the pooled plasma was more than twice as high (64 units).® Yet by 
mixmg these two ingredients in the proper proportions, a preparation could be 
obtained which yielded titers as high as 240 vmits. The titer values form a 
smooth curve, the optimal results being obtained with a mixture of 1 part of 

* This finding supports our view th.at pooled plasma is a much more satisfactory medium 
than concentrated albumin solution for the conglutination test. Moreover, the albumin 
solution is more costly than plasma, less available, and very viscous, and therefore more 
difficult to work with. 
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the albumin solution and 3 parts of plasma.* The fact that a certain quantity 
of albumin gives optimal results in fortifying plasma in the conglutination test 
falls m with the concept that the added albumin becomes part of the comple.T 
which makes up conglutinin or X-protein, and does not accord with Diamond 
and Denton’s (19) suggestion that the activity is determined merely by the 
protein concentration. 

Similar results were obtained in e.tperiments on the fortifying effect of added 
gamma globulin on the conglutinating activity of plasma. Since the gamma 
globulin fraction contains antibodies, including the isoagglutinins alpha and 
beta, the ideal preparation to use would be one made from the plasma of an 


TABLE VI 


Comparison of Use Conglutinating Activities of Diferent Mixtures of a 25 Per Cent Albumin 

Solution and Pooled Plasma 


31izture9 of hozzun 
albumin aad plasina 
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+4-± 


++=b 

+± 


— 



— 

80 

1 

1 

+++ 

++A: 

++± 

++ 

++ 

++ 

4"^ 

it 

— 

— 

196 

1 

3 

++ 

++± 

++± 

++ 

++ 

+± 

+± 

+ 

— 

— 

256 

1 

9 

+++ 
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++ 
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+ 
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Rh-positive group AB individual. Unfortunately such a preparation was not 
available to us and our experiments had to be carried out with purchased 
immune globulin,* which had a protein concentration of about 9.2 gm. per 100 
cc.* A series of mixtures of this globulin solution with pooled plasma were 
prepared, just as in the.e.xperiment with albumin solution, and each mixttne 
was tested for its conglutinating activity. The globulin solution itself gave 
very unsatisfactory results in the conglutination test; it was even more viscous 
and difficult to work with than the albumin solution and gave a titer of only 
4 units in comparison to the titer of 48 units given by the pooled plasma. Yet 
as shown in Table VII, the addition of small quantities of the globulin solution 

* IdenUcal results were obtained when 30 per cent bovine albumin solution was substituted 
for the 25 per cent human albumin solution in the experiments. 

* Cutter Laboratories. i* 

‘ As determined by Dr. Paul Riedel, Senior Chemist, Bellevue Hospital, New York City. 
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to plasma served to increase the conglutinating activity of the latter. As in 
the experiments with albumin solution, the titers obtained yielded a fairly 
smooth curve, tlie maximal titer (128 units) being obtained when 1 part of 
globulin solution was mixed with 3 parts of plasma. The fact that a specific 
amount of globulin gives the optimal result, while the addition of a greater, or 
a smaller quantity gives a lower conglutination titer, indicates that the added 
globulin becomes a part of the X-protein comple-x, and again proves that the 
conglutinating activity does not depend merely on total protein concentration. 

These results suggested that a further increase in the sensitivity of the 
conglutination test might be achieved with the aid of the gloubhn solution. 
As has already been indicated, a mixture of 4 parts plasma with 1 part of 25 

TABLE VII 


Comparison of the Conglutinating Activity of Different Mixtures of a 9.2 Per Cent Gamma Globulin 

Solution and Pooled Plasma 
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globulin solution and 
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per cent albumin solution yields titers about 3 to 4 times as high as those ob- 
tained with unmodified pooled plasma. If to such a mixture about one-fourth 
its volume of the concentrated inmume gamma globulin solution is added, a 
still further increase in activity can be achieved, as evidenced by a twofold 
increase in the titers obtained in the conglutination test. Unfortunately, how- 
ever, the globulin preparation which was available has the property of giving 
some weali non-specific reactions, even with group O cells, presumably owing to 
the presence of some irregular isoantibodies. .These experiments have there- 
fore been discontinued temporarily until a better preparation becomes available, 
namely one from Rh-positive group AB individuals. 

Studies oil the Conglutinating Activity of Mixtures of Solutions 
of Albumin and Gamma Globulin 

The purpose of the ne.xt experiments was to determine whether it is possible 
to produce conglutinin S}mthetically by mixing suitable quantities of solutions 
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of purified albumin and gamma globulin. We had available the 25 per cent 
solution of human albumin and immune gamma globulin solution used in the 
tests just described. 

In order to determine the minimum concentration of pure albumin in solution that ex- 
hibited any conglutinating activity the 25 per cent solution was mired with saline in the fol- 
lowing proportions: 9 parts albumin solution and 1 part saline solution, 8 parts albumin and 
2 parts sahne, 7 parts albumin and 3 parts saline, etc., and the conglutinating activities of 
these mixtures were compared with one another and with the original albumin solution, 
as well as with pooled plasma and serum (cf. Table VTH). 


TABLE Vni 

Effect of DEuiion of a 25 Per cent Solution of Human Albumin on Its Conglutinating Actioitj 
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It appears that albumin solutions -with concentrations less than 12.5 per cent 
have little or no conglutinating activity. Above 12.5 per cent concentration, 
the conglutinating activity increases and reaches a maximum at a concentration 
of about 17.5 per cent, while at still higher concentrations the conglutinating 
activity again diminishes. It is possible that the low titers obtamed with the 
more concentrated albumin solutions were due to the great viscosity of such 
solutions. In any event the ma.ximum titer obtained with any solution of 
albumin barely reached the titer obtamed with pooled plasma. Smce pooled 
plasma on the average has a total protein concentration of about 7 gm. per 100 
cc., this again demonstrates that the conglutinating activity does not depend 
merely upon the total protein content. 

Sunilar results were obtained when the immune globulin solution was diluted 
with saline solution. As shown in Table IX, on the basis of protein concentra- 
tion gamma globulin has a much higher conglutinating activity than albumin, 
because a 2.8 per cent gamma globulin solution (mixture of 3 parts of the glob^ 
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ulin solution with 7 parts of saline) was still weakly active (titer 4 units), 
while as already mentioned, solutions of albumin of less than 12.5 per cent 
strength are practically inactive. As in the case of the albumin solution, the 
activity of the globulin solution does not depend merely upon the protein con- 
centration, because there is an optimal concentration above which the con- 
glutinin titer decreases. We obtained the maximum titers with a globulin 
solution of approximately 7 per cent strength. It seems likely that the decrease 
in titer with higher concentrations of globulin is due, at least in part, to the 
marked viscosity of such concentrated solutions. The highest titer (48 units) 

T.VBLE IX 


EJfect of Dilution of an Immune Gamma Globulin Solution on Its Conglutinoiing Aclifity 
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given by any globulin solution was higher than that of the pooled serum control 
(24 units) but less than that of the pooled plasma control (64 units). 

It win be noted that when the 25 per cent albumin solution was diluted with 
an equal volume of saline solution it was almost devoid of conglutinating activ- 
ity and the globulin solution was only weakly active when similarly diluted. 
Starting with these two dilute solutions, namely, 12.5 per cent albumin solution 
and 4.6 per cent globulin solution, a series of mixtures were prepared in the 
following proportions: 27 parts globulin solution and 1 part albumin solution, 
9 G and 1 A, 3 G and 1 A, 1 G and 1 A, 1 G and 3 A, 1 G and 9 A, and 1 G 
and 27 A, and the conglutinating activity of each of these mixtures was then 
determined and compared with that of pooled human plasma. As shown in 
Table X, despite the relative inactivity of the original solutions, mixtures were 
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obtained with high conglutinating activities, even exceeding that of pooled 
plasma. The titers obtained )delded a relatively smooth curve and the maxi- 
mum titers were obtained with the mixtures 3 G and 1 A, and 1 G and 1 A. 
The protein content of each mixture was then calculated in terms of albumin, 
gamma globulin, and total protein. It will be seen that the mixtures which 
gave the highest conglutination titers had total protein concentrations of 6.6 to 
8.6 gm. per 100 cc., which is equal to the protein concentration of normal serum. 
If, based on the above findings, we assume that the optimal results would be 
given by a mixture of 2 G and 1 A we find that this would correspond to a total 


\ 


TABLE X 

Coitgloiinaling Actitily of Mixtures of Solutions of Purified Albumin and Gamma Globulin 
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protein concentration of 7.2 gm. per 100 cc. partitioned into 4.2 gm. albumin and 
3.0 gm. globulin per 100 cc. This is remarkably close to the albumin-globulin 
ratio of normal human serum. 

Certainly these results support the concept of the identity of X-protein and 
conglutinin. The fact that 3 G and 1 A, and 1 G and 1 A mixtures gave titers 
approximately 4 times as high as our normal plasma control rather e-xceeds 
e.xpectations, considering that no fibrinogen was used in preparing these mix- 
tures. This would indicate that normal plasma contains other substances 
which tend to maintain the albumin and globulin molecules in solution and to 
prevent their combmation or aggregation to form X-protem. Another pos- 
sibility is that in the preparation of the purified albumin and gamma globulin 
solutions these proteins were somewhat denatured, with diminution of their 
hj drophilic qualities and increase in their tendency to form aggregates. 
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COMMENT 

The work of Pedersen and the results presented in this paper show that con- 
glutinm and X-protein are substances which can be titrated and weighed. The 
main test for a new hypothesis is the ability to predict from it correctly hitherto 
unknown facts, which can be tested by direct experimentation, and to open 
new fields of research. As shown in the present paper, the theory of con- 
glutination has led to new, more sensitive tests (16) for univalent antibodies 
and has resulted in the prediction, now substantiated, that conglutinin can 
be formed in viiro by mixing solutions of albumin and gamma globulin in proper 
proportions. It has also led to a new theory of pathogenesis of erythroblastosis 
fetalis which is already supported by a considerable body of e.xperimental data 
(20, 21). Moreover, these new concepts have increased the accuracy of the 
prenatal prediction not only of the occurrence of erythroblastosis fetalis, but 
also of the type and severity of the disease, and has led further to a more rational 
and successful treatment of the disease by exchange transfusion (17, 18). 

While the albumin test of Diamond and Denton (19) and the anti-globulin 
test of Coombs et al. (22) are ingenious, they are less sensitive and entail the 
use of special materials noi available to the average laboratory. These tests 
have the disadvantage that they entail artifical conditions having no counter- 
part in vivo, and therefore yield little or no insight into the nature of the re- 
actions of univalent antibodies. 


SUMM.ARY 

1. Dilution of pooled plasma with more than an equal volume of saline solu- 
tion destroys its ability to produce conglutination of red cells sensitized by 
univalent antibody. This can be correlated with Pedersen’s work showing 
that X-protein is readily dissociated by dilution. The observation explains 
the discrepancy between the reports of British and American workers regarding 
the mcidence of Rh “agglutinins” in the serum of Rli-negative mothers of 
erythroblastotic babies. 

2. Plasma has a higher conglut mating activity than serum as shown by the 
finding that plasma gives titers on the average more than twice as high as those 
obtained with serum. The greater activity of plasma would seem due to the 
presence of fibrinogen which is apparently an important component of the 
colloidal complex of plasma proteins making up conglutinin. 

3. Aside from its action in precipitating fibrinogen, heating at 56°C. for one- 
half hour has no harmful effect on conglutmin. 

4. Fetal plasma and serum yield much lower conglutination titers tlian adult 
plasma and serum, indicating that fetal blood is deficient in conglutinin. After 
birth, there is generally a marked increase in the conglutinin content of the 
blood. There is little or no variation in the conglutinin activity of sera from 
different normal adult individuals. 

5. The use of whole citrated blood in exchange, transfusion to an erythroblas- 
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totic baby caused an appreciable rise in the total plasma proteins after the 
transfusion and a corresponding increase in the conglutinating activity. When 
however, in another instance, two-fifths of the plasma was removed from the 
donor’s blood and replaced with saline, there was no appreciable change in the 
protein concentration or conglutinin activity of the infant’s plasma after the 
transfusion. 

6. The fortification of pooled plasma by mhdng 4 parts of it with 1 part of 
25 per cent human albumin solution markedly increased its conglutinin, content 
as shown by a fourfold increase in the conglutination titers obtained. Addition 
of less or more than this optimal amount of albumin resulted in lower titers. 
The 25 per cent human albumin solution itself yielded titers only half as high as 
did immodified pooled plasma and was difficult to work with because of its high 
viscosity. Similar results were obtained in experiments with immune glob ulin 
solutions and pooled plasma. 

7. Albumin solutions of less than 12.5 per cent concentration had little or no 
conglu tinin activity; similarly, immune globulin solutions of less than 4.6 per 
cent concentration gave only relatively low titers when used as conglutinin. 
Yet, mixtures of these dilute solutions in certain optimal proportions yielded 
solutions with conglutinin activities considerably higher than that of pooled 
plasma. The albumin-globulin ratio in the mixtures giving the best results 
proved to be appro.ximately the same as the albumin-globulin ratio of normal 
human serum or plasma. 

8. Suitable mixtures of albumin and globulin solutions with a total protein 
concentration equal to that of normal plasma gave conglutination titers about 
four times as high as those obtained with unmodified pooled plasma. This 
suggests that there may be substances in normal plasma which tend to maintain 
the albumin and globulin in molecular dispersion. Another possibility is that 
in the fractionation process the albmnin and globulin are rendered less hydro- 
philic, thus increasing their tendency to form colloidal aggregates. 

9. The experiments described support the theory that clumping of cells by 
univalent antibodies in plasma media occms in two stages, namely, (1) specific 
adsorption of imivalent antibodies, and (2) non-specific adsorption of con- 
glutinin by the sensitized cells causing them to stick together. The experi- 
ments further support the concept of conglutinin or X-protein as a colloidal 
aggregate of plasma proteins. Finally, they demonstrate that the intensity of 
the clumping (conglutmation— not agglutination) depends on the quantity and 
quality of conglutinin and not merely on the total protem content of the medium 
of suspension. 
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The electron microscope can prowde information on the fine structure of 
blood clots which may be useful in the consideration of the over-all ph 3 ^ical- 
rliprnir?^! description of the clotting mechanism. Wolpers and Ruska (1) (1939) 
presented the results of their studies of fibrin produced from whole blood 
plasma. Subsequently (2) they studied the pellicles from the spinal fluids of 
cases of tuberculous meningitis and noted the same general structure as had 
been encountered in the clots of blood plasma. These they described as being 
made up of micellar bimdles, often arranged in parallel to form thicker strands 
which were held in a network by the intercommunicating branches. They also 
described aoss-striations in the micellar bundles and in the composite fibers; 
these striations showed periodicities ranging from 200 to 350 A. No similar 
striations were found in clots from blood plasma and it was concluded that stria- 
tions were a characteristic of the fibrin of the spinal fluid pellicles. Schmitt 
and Hobson (3) investigated similar spinal fluid pellicles and found striations in 
preparations from one case of seven investigated. 

The methods for isolating and purifying proteins of the blood plasma, both 
hmnan and bovine, developed in the Department of Physical Chemistry of 
Harvard Mecflcal School by Cohn and his associates (4-7) have made available 
certdn of the proteins in states of greater purity and in greater quantity fhan 
had been obtained by previous methods. Along with others of these, fibrinogen 
and thrombin have been quite extensively studied and it is known that the 
mechanical properties of the clots formed from them can be varied within wide 
limits by control of such factors as pH, the temperature at which the interaction 
of fibrinogen and thrombin takes place, the concentrations of the reacting sub- 
stances and the presence of various chemical substances (8). In the course of 
investigations on the culture and behavior of tissue cells in clots from purified 
bovine fibrinogen and thrombin (9), it seemed desirable to make some parallel 
studies on the influence of the above factors on the fine structure of the clot. 

.\ided in part by a grant from the American Cancer Society on the recommendation of the 
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• The observations in this initial report are primarily concerned with the effects of 
alterations of pH. 


Materials and Methods 

The fibrinogen and thrombin preparations used in these experiments were generously pro- 
vided by the Chemical Research and Development Department of Armour and Company, 
Cliicago. The fibrinogen (tot C-18SA) contained 79 per cent clottablc nitrogen and was fur- 
nished in the form of a dried powder of which approximately 40 per cent by weight was sodium 
citrate. The thrombin (lot P-38) had a clotting activity of 27 units^ per mg. of total weight. 
These substances were dissolved in buffered physiological saline or in Tyrode’s solution as in- 
dicated in the figure legends. Determinations of the pH were made uith the glass electrode. 
The solutions were allowed to react at room temperature (22.1-23.0°C.). 

For convenient study by means of the electron microscope it was desirable to obtain a clot 
sufliciently thin to permit a dear resolution of individual fibers and yet thick enough to provide 
a picture of tlie tridimensional orientation of the fibrin strands. The following technique was 
devised. Its results have been entirely reproducible, and satisfactory for the observations 
thus far imdertaken: — 

Conventional glass microscopic slides (1 inch X 3 inch) were coated with a thin film of 
formvar^ by immersing them in a 0.15 per cent solution of this material in ethylene dichloride, 
and allowing the solvent to evaporate. The resulting film was approximately 200 A in 
thickness. 

A clotting mixture was prepared by the addition of the thrombin in buffered saline solution 
at a concentration of 10 units per cc. to the fibrinogen in similarly buffered solution at a con- 
centration of 0.06 per cent. To 5 cc. of the fibrinogen solution in a short test tube, 0.5 cc. of 
the solution of thrombin was added and mi.xed rapidly by pipetting. The coated slide was 
immersed in the clotting mi.xture for 15 seconds, then removed and placed horizontally over 
water in a covered Petri dish. The clotting process was allowed to proceed undisturbed for 
2§ minutes. At the end of this time the clot in the test tube was well formed, as was the film 
of clot on the coated slide. The latter was then flooded with a solution of phosphotungstic 
acid (11), 0.2 per cent, for approximately 15 minutes. At the end of this time, the phospho- 
tungstic acid was removed by flooding the slide with distilled water. While imder water, small 
portions of the clot-covered film of formvar were peeled away from the glass and mounted on 
the conventional 3 mm. discs of wire cloth used to support objects for electron microscopy. 
The preparations were then quickly drained and dried and examined. 

The clot from the test tube was removed and compressed to obtain free fluid for pH deter- 
minations. It was assumed that the measurement of the pH of the clot in the test tube, which 
was the source of the clot on the microscope slide, gave at least a first approximation to the pH 
value of the latter. The measurements of pH of the various solutions were recorded through- 
out, but those of the fluid obtained from the final clots were considered to be the most sig- 
nificant. 


* The unit is defined as the amount required to clot 1 cc. of a standard fibrinogen solution 
in 15 seconds (8) or the amount which clots a 1 per cent solution of fibrinogen in a test tube 1 
cm. in diameter at 25°C., pH 6.3, in approximately 45 seconds (10). 

^ This is a polyvinyl formal resin, sold by the Shawinigan Products Corporation. It seems 
to be particularly valuable for making preparations by these methods, presumably because of 
its tensile strength. It is insoluble in HiO and probably does not interact with the fibrinogen 
or thrombin or influence the character of the formed clot. 
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The bufiers used were freshly prepared Sorensen’s phosphate mixtures and in two experi- 
ments the fibrinogen was dissolved in Tixode’s solution (Earle’s modification). The alteration 
to aridity was obtained in the latter by maintaining a partial tension of COj over the solutions 
and dotting mixture. In some experiments the vapors of osmium tetroxide were used in place 
of the phosphotungstic arid, with no marked variation in the results. 

An RCA elecUon microscope, type E.M.U., was used for all microscopy.* Most of the 
micrographs were taken at magnifications between 5000 and 7000 and enlarged photographi- 
cally. Particular care was taken to use an electron beam of minimal intensity so as to avoid, 
as far as possible, any alterations in the material. 

Obsenations 

In an attempt at an orderly presentation of data we have arbitrarily sub- 
divided the description of certain of the characteristics of the clots formed at 
three different values of pH. The measurements represent mean values de- 
rived from the study of many micrographic fields in the several preparations 
made at each of the several pH intervals studied. A more nearly statistical 
analysis is in preparation, but the approximations here recorded seem adequate 
for the purpose of an initial presentation. 

Coarse Structure of the Fibrin Network . — ^The general architecture of the dots 
is illustrated in Figs. 1 to 4. It appears that under the conditions of these sev- 
eral experiments the unit of structure is an elongated fiber (to be called a unit 
fiber), and that such fibers are joined laterally in various ways to form com- 
pound fibers (Fig. 5). This results in a tridimensional network of branching 
strands. Studies of the micrographs also show evidence of the tapering charac- 
ter of the imit fibers. Many of these appear to have their tapered tips incor- 
porated in incompletely polymerized material on the plastic film. 

In the clots formed at pH 8.5 (Fig. 1), most of the fibers are single and show 
relatively infrequent fusion with other single or unit fibers so that but few 
compound fibers are formed (Fig. 1). The fibers are twisted and curved. The 
interstices are, on the average, very small. 

At pH 7.6 the formation of more numerous compound fibers is apparent (Fig. 
2). These are much less ciirved, particularly over the intervals where two or 
more unit fibers lie bundled in parallel longitudinal association. The interstices 
are generally larger. 

The nucrographs of clots formed at pH 6.3 show the more generalized forma- 
tion of compound fibers, and only a few independent unit fibers (Figs. 3 and 4). 
The broad compound fibers are often straight and the interstices vary widely in 
size and shape but are of larger average size. The number of fibers in the broad 
strands varies from place to place as component fibers branch from the main 
bundles to join other single or compound fibers. As many as eight unit strands 
can be demonstrated in some of the broad compound fibers. Often the point 

^ • The aulkors are grateful to Dr. R. M. Taylor for permission to use the instrument belong- 
mg to the laboratories of the International Health Division of The Rockefeller Foundation. 
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of juxtaposition of several fibers appears as a nidus from u’hich multiple branch- 
ings appear to be derived (Fig. 6). 

The average values of the diameters of representative unit fibers formed at 
these different pH values are indicated in Table I, These were derived from 
measurement of separate, single fibers and also units within compound fibers 
where the numbers and limits of the components could be made out with 
certainty. 

It is evident that the greater the hydrogen ion concentration in the clotting 
mixture the larger the average diameter of tlie unit fiber, single or in bundles. 
The larger unit fibers at the lower pH, and particularly the frequent close lateral 
association of two or more other unit fibers produce the characteristic coarse 
architectural features described. 

It is also of interest to note that in the background of the micrographs there 
was a significantly greater amount of amorphous unpolymerized protein pre- 
cipitate in the preparations clotted at pH 8.5 than in those clotted at pH 6.3. 


TABLE I 


oH 

6.3 

7.6 

8.S 


mju 

60 

49 

36 

1 


Fine S ruclure of the Individual Fibers . — Examination of the individual fibers 
in the electron micrographs (Figs. 4 to 7) shows a striking cross-striated appear- 
ance essentially similar to that noted only in human spinal fluid pellicle fibrin 
by Ruska and Wolpers (2). This is due to alternate bands of relatively high 
and low density to electrons. These striae are more readily seen in the fibers 
formed at the acid pH than in those formed at the alkaline pH. While most of 
our preparations were treated with phosphotungstic acid, it is to be noted that 
these periodic striae were clearly visible as well in preparations fixed in vapors 
of osmium tetroxide. Also, in preparations covered with gold by the so called 
shadow-cast technique (12), some fibers show marginal prominences which cor- 
respond to the cross-striations (Fig. 7). 

One of the most striking features of the fine structure is the coinciding stria- 
tions of laterally associated unit fibers. Often this coincidence can be seen to 
extend across the several fibers of a large bundle. The longitudinal outlines of 
the individual fibers in such bundles are not lost (Figs. 5 and 6). 

The tapered ends of the unit fibers show the characteristic striations, and 
signs of the same periodicity are to be seen in the incompletely polymerized 
material, particularly in the preparations clotted at pH 6.3. The fine fibrillar 
material visible in the background of the gold-shadowed preparation shows a 
comparable periodic beading (Fig. 7). Average lengths of the periods at three 
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different pH values are presented in Table II. In a few fields some of the fibers 
looked as if stretched. Measurements of the lengths of the periods of the cross- 
striations in these stretched fibers show them to be increased significantly. 

There are certain technical difficulties encountered in making and analyzing 
the required measurements. Among these may be mentioned the lengthening of 
the distance from one dark band to the ne-^ct as the apparent result of stretching. 
Also, there is a tendency for the periodicity to be more regular in compoimd 
fibers, and in these the distances between dark bands appear slightly shorter 
t>ian in individual fibers. In addition, the striations are less well defined in 
fibers of clots formed at pH 8.5 than in those formed at pH 7.6 or pH 6.3. 
When these factors are taken into account, it seems improbable that the slight 
variations of the recorded average values of Table H have significance. In- 


TABLE n 


6.3 

7.6 

245 

243 


deed the average periodicity throughout the clots formed at the three values of 
pH is strikingly constant. 


DISCUSSION 

Any attempt to describe the details of the mechanism of the clotting of 
whole blood from the observations recorded in this report would be premature 
and speculative. The method of study we have outlined has obvious limita- 
tions, particularly since the preparations examined in the electron microscope 
have been dehydrated in the vacuum of that instrument and certain distortions 
and contractions must be assmned to have taken place. Furthermore, the 
system studied has been simplified by the use of the two protein substances 
assumed to interact in the final stage of the clotting mprViaTiigm ^ and only 
the effect of alterations of pH has been considered in this initial report. Never- 
theless, the general appearance of the clots is essentially similar to that of 
those studied by Wolpers and Ruska (1, 2) who used as objects clots formed 
from whole blood, plasma, and spinal fluid imder more nearly physiological 
conditions. 

Ferry and Morrison (10) studied the clotting of the solutions of human 
fibrinogen by the addition of human thrombin under various conditions of 
concentration of the reacting proteins, pH, ionic strength, temperature, and 
the addition of certain polyhydroxyl compounds, and they concluded that 
clotting is to be interpreted as a three-dimensional polymerization. They 
proposed as the structure of the fine clot a network of chains, consisting of 
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fibrinogen molecules joined end to end, cross-linked partly at least by primary 
chemical bonds. They suggested that the coarse clot is a network of bundles 
of such chains, cross-linked largely by secondary bonds and as result of lateral 
association. Our own observations tend to bear out in large part these hy- 
potheses. However, at the concentrations of fibrinogen, thrombin, and hydro- 
gen ion we have studied, and under the other described conditions of our ex- 
periments, it would seem that the fine, grossly transparent clot formed at pH 
8.5 is composed of unit fibers of multiple, rather than single chains of fibrinogen 
molecules. The marked increase in the diameter of these unit fibers in clots 
formed at pH 6.3, and especially the tendency of the unit fibers to form com- 
pound fibers by lateral association could well account for the opacity of the 
gross clot at this pH. The tendency to form compound fibers may also ex- 
plain in part the syneresis of coarse clots that is observable in the gross. 

The striking regularity of the cross-striations of the fibers at the different 
values of pH studied is difficult of interpretation. Measurements of double 
refraction of flow, viscosity, osmotic pressure, and sedimentation in the ultra- 
centrifuge of solutions of human fibrinogen have led to a tentative description 
of the model of the molecule as an elongated ellipsoid of revolution about 
35 X 700 A, with a molecular weight of about 500,000 (13).'* Bovine fibrino- 
gen recently has been subjected to osmometric and viscometric studies with 
essentially the same results (14), If it is assumed that the primary inter- 
action of fibrinogen and thrombin results in an end-to-end linkage of such 
long molecules, with subsequent lateral association, it is not easy to reconcile 
the measured periodicity of the unit strands with the dimensions of the pro- 
posed molecular model. Possibly, in polymerization, the shape of the fibrino- 
gen molecule is altered by extensive folding and consequent shortening. The 
region of greatest folding could be, as suggested for collagen (15), the region 
of greatest density; i.e., the dark striation. 

Study of the incompletely polymerized material to be seen in the back- 
grounds of the clots (Fig. 7) has yielded some evidence for the end-to-end 
linkage of elongated structures of the orders of magnitude of the proposed 
fibrinogen molecules. The limit of resolution in the better micrographs 
seems to lie between 5 mp and 10 mfx. The finest chains visible show longi- 
tudinally' arranged densities and irregularities and may represent single strands 
or “protofibrils” (15) of elongated molecules, linked end to end. Also, it 
would appear that the unit fibers are built up by the lateral association of 
several such chains (Fig. 7). In this association the regions of greatest density 
coincide in a remarkable way to give the characteristic banded or striated 
appearance. Even when the unit fibers come to lie in close association, some 
force operates to line up the striae so that they coincide directly across the 
compound strand (Figs. 5 and 6). 

* Another model which could fit many of the data would be a disc-shaped ellipsoid of revo- 
lution 10 A in thickness with a diameter of 350 A (13). 
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A discussion^of the nature of the forces involved in the precise lateral associa- 
tion of molecular chains and bundles of such chains (umt fibers) so that the 
striations correspond in fibers lying side by side is not -within the scope of this 
report. However, as Ferry and Morrison (10) have pointed out, the conditions 
which favor decreasing coarseness of the fibers are those which would be ex- 
pected to diminis h attractive forces and the tendency to aggregation. Since 
the isoelectric point of human fibrinogen is at about pH 5.5, an increase of pH 
from 6.3 to 8.5 would increase the net charge of the molecule and hence the 
mutual electrostatic energy which might be expected to result in diminution 
of electrostatic attractive forces between the large molecules. 

SUMMARY 

1. A technique has been described for the preparation of clots from purified 
fibrinogen and thrombin of bovine origin which are suitable for study with the 
electron microscope. Experiments have been carried out to compare the fine 
structure of clots prepared at various values of pH. 

2. The clots are composed of meshworks of single and compoimd fibers. 
At pH 8.5 the unit fibers have a smaller average diameter than those formed 
at pH 7.6 or pH 6.3. The tendency for the lateral association of imit fibers 
into compound fibers is markedly increased as the pH is decreased. 

3. A striking feature of all the clots studied is cross-striation of the unit 
fibers. The periodicity of these striae is quite constant throughout (approxi- 
mately 250 A). There is a precise coincidence of the striations of the indi-vidual 
unit fibers where these are associated side by side to form compoimd fibers. 
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EXPLANATION OF PLATES 
Plate 29 

Fig. 1. Micrograph of clot formed at pH 8.5: in Tyrode’s solution, bicarbonate 
buffer. Treated with 0.2 per cent phosphotungstic acid solution. 

The unit fibers (A) are thin and often curved. Relatively few compound fibers 
(B) are formed by lateral association of the units. The interstices are fairly uniform 
and small.- Much of the background material appears non-fibrous. X 15,200. 

Fig. 2. Micrograph of clot formed at pH 7.6: in 0.85 per cent saline, Sorensen’s 
phosphate buffer. Treated with 0.2 per cent phosphotimgstic acid solution. 

The unit fibers are broader and many compound fibers are to be seen. These are 
less curved. The interstices vary widely in size and shape but many are larger than 
inJFig. 1. The background material is for the most part fibrillar. X 15,200. 

Fig. 3. Micrograph of clot formed at pH 6.3: in 0.85 per cent saline, Sorensen’s 
phosphate buffer. Treated with 0.2 per cent phosphotungstic acid solution. 

Many coarse strands formed of associated imit fibers, characterize the clot. The 
unit fibers are broader than in Figs. 1. and 2. The interstices show marked variation 
in size and shape. Relatively little background material is visible and that which can 
be seen seems polymerized into long fibrils. X 15,200. 
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Fig. 4. iMicrograph of clot formed at pH 6.3: in 0.85 per cent NaCl, Sorensen’s 
phosphate buffer. Treated witli 0.4 per cent phosphotungstic acid solution. 

This illustrates the brandling of the compound fibers and the other general architec- 
tural features of the coarse dot. Characteristic cross-striations are visible in most 
of the compound fibers, as well as in the single fibers, including their tapering ends. 
X 30,500. 




Platk 31 


Fig. 5. Jficrograpli of filjriii formal at i)I[ 6.8: in Tyrotie’s solution, bicarbonate 
bulTcr. Treated with 0.2 per cent phosphotungstic acid solution. 

The several compound libers show the striking coincidence of the striations where 
the unit fibers lie in lateral association. X 40,000. 

Fig. 6. ^licrograph of fibrin formed at pH 6.3: in 0.S5 per cent NaCl, Sorensen’s 
phosphate bulTer. Treated with 0.4 per cent phosphotungstic acid solution. 

Detail of striations showing striking coincidence across a fiattencd bundle formed 
by the lateral association of apiiro.ximatcly eight unit fibers. X 44,000. 

Fig. 7. ^Micrograph of fibrin formed at pH 6.S: in Tyrode’s solution, bicarbonate 
buffer. Treated with 0.2 per cent phosphotungstic acid solution. Gold-shadowed. 

This preparation shows details of fiber structure. Fine fibrils lie in parallel with 
coinciding densities. Some of the resulting fibers appear flattened. It is evident 
also that the finely fibrillar background material shows a periodicity similar to that in 
the larger fibers. X 50,000. 
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The formation, of lymph takes place in the main through the walls of the 
minute lymphatic capillaries, the larger channels acting chiefly, if not wholly, 
as conveyors of this fluid to the blood. To learn something about the forces 
which tend to promote the formation and flow of lymph in the smallest vessels, 
the lymph pressnre existing within cutaneous lymphatic capillaries in the ears 
of mice has been compared in the present work with the pressure prevailing 
in the tissue immediately outside them. This has been done both under normal 
conditions and during the development of rapidly forming edema whicii 
greatly inaeases l>-mph formation, as is well known. 

Techniques 

Most of the techniques employed have been those of earlier work in this 
laboratory (1-5) . Improved methods were used for the measurement of edema 
fluid pressure (5) and for the estimation (4) of the approximate pressure in 
the normal cutaneous tissues, which do not contain enough free fluid for the 
interstitial fluid pressure to be estimated directly (6-8). Doubtless because 
of the fact that lymphatic capillaries, imlike blood capillaries, are not readily 
visible imder the microscope, no direct measmrements of the lymph pressure 
m lymphatic capillaries of the skin have been reported pre\-iousiy. However, 
in the course of other studies (10-15) from this laboratory, the difuculty had 
been overcome by the development of methods whereby the lymphatic capil- 
laries are rendered visible as they pass through uninjined living skin. As 
a result, all that was bcking for the study of the pressure relationships inside 
the lymphatic capillaries and round about them was a suitable method for the 
measurement of fluid pressure in these channels. 

The Determination of Pressure 

The work was carried out on visualized Ijmpharic capillaries in the gt-in of the ears of mice 
lightly anesthetized with nembutal, — 0.5 mg. for each 10 gm. of body wdght, — as in the 
previous studies (4). Under these conditions the circulation of the ears appears to be ex- 
cellent, although the blood pressure is slightly reduced (9). 

Fine glass tubes were inserted directly into the channels and the capillary pressures were 
measured manometrically. In the ear of the mouse biophatic capillaries are larger as a rule 
than blood capillaries; channels suitable for intubation can be found varying between 25 and 
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100 fi in width. One can introduce into these ciianncls glass tubes larger than the micro 
pipettes required for tlie measurement of pressure in blood capillaries, and for this reason they 
will be termed micro cannulae instead of micro pipettes. Despite their size, the measure of 
pressure in lymphatic capillaries by means of them is not simple for they must be large enough 
to fill the lumina of the channels so comjfietely tliat no leakage of lymph occurs, and it is diffi- 
cult to insert them without tearing the delicate walls of the capillaries, which arc often fiat 
and ribbon-like tliough relatively broad. 

Method and .1 pparatns . — Soft glass micro cannulae were blmvn in various sizes, from 10 to 
100 n in external diameter. A single cannula, chosen as will be described, was firmly fixed 
horizontally in the holder of a Chambers micro manipulator and connected by flexible metal 
tubmg to one end of a horizontally placed glass tube 6 mm. in diameter and about 10 cm. long, 
equipped with a stop-cock in its mid portion. The other end of the tube communicated by 
heavy rubber pressure tubing with a broad bottomed 300 cc. glass reservoir connected with hvo 
manometers. The bottle could be raised or lowered by a rack-and-pinion device. This part 
of the manometric apparatus has been fully described and illustrated in Text-fig. 1 and Figs. 
1 and 2 of a previous paper (1). Suffice it to say that one of the manometers consisted of 
a glass tube about 2 mm. in interior diameter fixed at an angle of 15“ with the horizontal, and 
filled with kerosene. Small differences in pressure could be measured with it. The second 
manometer was a simple vertical tube for measurement of pressures greater than that of a 
column of water 2 cm. high. This second manometer, the reservoir, the glass tube with the 
stop<ock, and the micro cannula were all filled with the fluid to be introduced into the lym- 
phatic capillaries or into the tissues during the course of the test. Two identical apparatuses 
of this sort were used. The first was filled with an 0.2 per cent solution of vital red in Locke’s 
solution, a mixture so diluted with water as to render it isotonic with blood. The other con- 
tained a mixture of 0.5 per cent of the blue dye, pontamme sky blue, in Locke’s solution, to 
which there had been added 10 units of heparin to each 100 cc. This too was isotonic with 
blood, and as will be described below it served as a relatively unabsorbable fluid with which 
to make pressure measurements. 

The Visualization of Lymphatic Capillaries . — ^The lymphatic capillaries had to be rendered 
visible before the pressure of the lymph could be determined. Two methods were used for 
this purpose. The first was suggested by some earlier unpublished studies in which large mice 
under nembutal anesthesia had been injected intravenously with fluid containing the highly 
indiffusible dye, vital red, in amounts too small to color the skin visibly to the naked eye. 
Many of the mice had small bites or other injuries at the periphery of their ears, and a local 
escape of dye took place from the blood vesseb into the tissue about these wounds, giving rise 
to a narrow band of red at the ear margm. Animals in which this had occurred were placed on 
plastaline molds with the ears spread on porcelain plaques (16) so that the minute blood vessels 
and lymphatics could be viewed microscopically in the living animal. It was noted that after 
a few minutes some of the color passed from the tissues into the adjacent lymphatic capillaries 
rendering them visible, and thereafter drained to others with result that they too could now be 
seen. Lymphatics thus accidentally rendered visible were utilized for some of the present 
experiments while for others the margins of the ears of young animals were purposely injured 
by pinching them with forceps and the dye was injected into the blood several days later. 

Unfortunately visualization of the lymphatics did not always take place under tlie circum- 
stances outlined. For this reason another technique was frequently used: a modification of 
one already described in many previous papers (10-16). Mice were anesthetized with nem- 
butal, their ears were spread on porcelain plaques, and under the binocular microscope the 
skin of the ear was punctured with an especially sharp micro cannula^ attached to the ap- 
paratus that had been filled with the solution containing vital red. After the micro cannula 
had been pushed through the skin it was run parallel to the surface for a few millimeters in 
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Older to tear a few Ij-mphatic capillaries of the ezceediugly rich plexus which lies in the sub- 
papiliaiy layer of the corium (10, 11). Next, just enough pressure was put upon the red fluid 
in the apparatus to force about 1.0 c. mm. of it slowly into the tissues. Within a few minutes 
thei^ter it generally entered one or several of the tom Ij-mphatic capillaries and flowed 2 or 
3 mm. further into other li-mphatics separated from the tom ones by valves and recdving 
lymph from capillaries draining uninjured portions of the ear. One of these latter chann els 
was selected for cannulation in the way now to be described: — 

Tlte Pressure Measuremenl. — The anesthetized mouse, with l>-mphatic capillaries visualized 
by one or the other method, was placed on a plastaline mold on a mechanical stage that could 
be moved in any direction and the visualized Ij-mphatics were inspected under the microscope 
to find a segment containing one or more valveless tributaries. Having found one, the ob- 
server selected a micro cannula large enough to fit it so snugly that leakage of lymph would not 
occur after the insertion. This caimula was then attached to the manometric apparatus con- 
taining the mixture of blue dye, heparin, and diluted Locke's solution, filled with this fluid, 
and damped in place so that its tip came into focus in the center of the nucroscope field. Its 
position was not altered thereafter. Next, with the manometers set at zero and the blue fluid 
in the apparatus and the caimula at atmospheric pressure, the stop-cock behind the cannula 
was dosed. By appropriate movements of the mechanical stage and gentle traction on the 
margins of the ear, the stationary tip of the cannula was forced through the epidermis and into 
the chosen segment ot the Ijonphatic capillary, in the direction of lymph flow. When leakage 
from the capillary occurred about it, and this was frequent, the escape of pink fluid could 
readily be seen under the miaoscope, and the preparation was discarded. If the procedure 
was successful the miao cannula filled the capillary and obstructed lymph flow. Then by 
further movement of the mechanical stage or gentle traction on the ear the tip of the cannula 
was thrust further, to a point just above, and distal, to the entrance of the valveless tributary 
into the cannula ted vessel. The tributary normally supplied lymph to the portion of the 
cannulated channel below the cannula’s tip, and l>Tnph flow through it continued. . Con- 
sequently, the pressures measured are to be regarded as lateral pressures. 

soon as the cannula was in place the stopcock of the manometric apparatus was opened, 
establishing fluid continuity at zero pressure, .^most invariably the blue contents of the 
cannula were forced backwards towards the manometer by the pale pink fluid in the lympba- 
tics. Pressure was then put upon the contents of the cannula by slowly raising the reservoir 
of the manometric apparatus by means of its rack-and-pinion device (1) until the blue fluid 
moved out into the lymphatic capillary, .-^s soon as this had happened the pressure was 
quickly lowered a little, and by trial and error a point was found at which the boundary of 
the pink and blue fluids lay at the cannula’s tip. The pressure in the apparatus at this moment 
was recorded. Next, the pressure was lowered to zero, and as the blue fluid in the ranmila 
was forced backwards by the contents of the lymphatic sufficient pressure was again applied 
to bring it back to the cannula’s tip. The required pressure was again recorded. The pro- 
cedure was repeated several times and the average of the measurements was taken as the intra- 
llTnphatic pressure. Finally, the pressure in the apparatus was raised slightly until the blue 
fluid began to move into the capillary. The pressure which was just sufficient to 
flow was recorded. During the measurement of the pressure the ears did not alter in appear- 
ance and there was no edema visible under the microscope except in those instances of which 
special mention will be made later. 

The Pressures tvithin Lymphatic Capillaries 

The pressure in lymphatic capillaries of the ears of twenty-four mice, normal 
e.xcept for anesthesia and intubation, varied between zero and 2.7 cm. of water 
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and averaged slightly over 1.2 cm. In 80 per cent of the instances it was below 
2.0 cm. In Table I the pressures arc arranged in order of magnitude. In 
each experiment an increased pressure of 0.1 to 0.5 cm. of water produced 
flow into the intubated channel. 

The pressure in the cutaneous lymphatic capillaries was usually lower than 
that in edema fluid as previously ascertained; it was even lower than many of 
our measurements of the normal cutaneous interstitial resistance, — which is 
higher than the interstitial pressure of skin (4). This finding brought up the 
question of whether there is a gradient of pressure e.xisting between the inter- 

T/VBLE I 


Lymph Pressure as Such and the Pressure Required to 
Initiate Flow in the Lymph Capillary 


Exporiment 

No. 

Iniralymphatio 

pressuro 

Presauro to 
yield flow 

Experiment 

No. 

Xntralymphatlo 

prc33Uro 

Proesuroto 
yield flow 


cm. oj tcater 

cm. of water 


cm. of tpoier 

cm. of water 

1 

0.0 

0.0 

13 

1.2 

1.6 

2 

0.0 

0.0 

14 

1.3 

1 . 5 - 1. 6 

3 

0.5 

0.9 

15 

1.4 

1.8 

4 

0.5 

0.8 

16 

1.5 

1.7 

S 

0.8 

1.2 

17 

1.5 

1.7 

6 

0.8 

1.1 

18 

1.5 

2.0 

7 

0.9 

1.2 

19 

1.8 

2.2 

8 , 

1.0 

1.4 

20 

2.0 

2.4 

9 

1.0 

1.2 

21 

2.0 

2.5 

10 

1.0 

1.5 

22 

2.1 

2.3 

11 

1.1 

1.2 

23 

2.7 

3.1 

12 

1.1 

1.4 

24 

2.7 ± 0.1 

3.0 

Average of all 

1 . 2 - 1. 3 

1.6 


stitial fluid and the lymphatic capillaries which tends to promote l3Tnph forma- 
tion and flow. To answer this question the pressures inside and outside of the 
cutaneous lymphatic capillary walls were compared. 

The Relative Pressures within Cutaneous Lymphatic Capillaries and the 

Surrounding Tissues 

As has been brought out in a preceding paper (4), the true interstitial pres- 
sure in normal skin cannot be measured directly because there is not enough 
free interstitial fluid to allow one to make accurate manometric measurements. 
Nevertheless, we have estimated the true interstitial pressure closely by other 
means (4, 5). It was found that minute amounts of a test fluid composed of 
Locke’s solution and 0.5 per cent of pontamine sky blue, on introduction into 
the skin acted as a mildly edema-forming agent, the edema increasing the bulk 
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of the introduced fluid very slowly. As result, for periods of 15 to 20 minutes 
the dye solution behaved like a relatively unabsorbable fluid. To estimate 
the interstitial pressure in normal skin very minute amounts of the solution 
were introduced into the tissues at zero pressure and in such a manner that 
neither blood nor lymphatic vessels were entered directly. Pressure was then 
gradually put up>on the introduced test fluid until there occurred the slightest 
inward movement of it against the tissue resistance that could be measured 
with the techniques employed, — that is to say, an mflow averaging 0.06 c.mm. 
per 5 minutes. The pressure required to maintain this rate of flow was termed 
the "interstitial resistance” (4). It is not a measure of the interstitial pres- 
sure, for it is very slightly higher because of the pressure required to overcome 
the tissue resistance to the slow passage of the minute amounts of fluid em- 
ployed. Both the interstitial resistance and the interstitial pressure can be 
measured directly (4) in edematous skin when there is free fluid present. 
The difference is only about 0.5 cm. of water and in normal tissues it cannot be 
far from this figure (4). 

Since it seemed possible to learn much about the pressure conditions on both 
sides of the lymphatic capillary waU in normal tissues by comparing the intra- 
lymphatic capillary pressure with measurements of the interstitial resistance, 
e.vperiments of the sort were carried out on the ears. 

The Deleminalion of Inlerslilial Resistance with the Micro Canmda Apparatus. 
— In the preceding work (4) the interstitial resistance was measured by the 
introduction of the mixture of dye and Locke’s solution into the tissues through 
the smallest hypodermic needle available. For the present work the method 
has been simplified and improved by the use of a micro technique. After 
measuring the intralymphatic pressure with the micro carmula filled with the 
relatively unabsorbable dye-Locke’s solution, the interstitial resistance was 
measured with the same apparatus. Under these circumstances the latter 
determination was accomplished with the introduction of even less fluid 
than was required when a hypodermic needle was employed. As result, the 
figures for the interstitial resistance which are here reported should lie even 
closer to the true interstitial pressure than those obtained in the earh'er studies. 

In each of eleven eiperiments the intralymphatic pressure was measured as described above. 
When several good measurements had been obtained preparations were made to determine the 
interstitial resistance outside of the channel by introducing the relatively unabsorbable test 
fluid into the tissues through the same micro cannula. While the latter remained within the 
channel, the preaure in the injecting apparatus was reduced to zero and at the same time the 
stop-cock connecting the manometers with the cannula was closed. This maneuver prevented 
l>-mph from entering the cannula as the pressure was reduced in it, and as result the 
remained filled with the relatively unabsorbable dye-Locke’s solution, undiluted by lymph, 
and consequently suitable for the measurement of the mterstitial resistance which was to 
follow. Xeit, the mechanical stage supporting the mouse was shifted so that the l>-mphatic 
became disengaged from the cannula and the tip of the latter lay in the connective tissue close 
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to the channel but as far from the point of intubation as it could be moved without tearing 
blood capillaries. As the shift was slight, less than a quarter of millimeter, no other lymphatics 
were touched, and one could determine by direct observation whether or not blood capillaries 
were tom — in which case the e.xperiment was abandoned. In the absence of visible injury the 
interstitial resistance was then measured.- — 

The stop-cock of the manometric apparatus was opened and a pressure of 0.5 cm. of water 
was put upon the fluid in the micro cannula. If no blue coloration appeared in the tissues at 
its tip, — and none appeared usually, — the pressure was raised to 1.0 cm. of water, and there- 
after, if no flow occurred, by increments of 0.2 cm., until blue fluid began to appear in the 
tissues in microscopic amount. The pressure was then held at this point until one could deter- 
mine whether or not the test fluid continued to enter the connective tissue and whether it 
entered directly into injured blood or lymphatic capillaries. If spread occurred the pressure 

TABLE n 


A Comparison of Iniralymphalic Capillary Pressure and Iidcrslilial 
Resistance in the Skin of the Ear 


1 

Experiment No. 

Intralj-mphatic pressura 

Interstitial rcsistonco 

Difference 


cm. oj water 

cm. oJ water 

cm. of water 

1 ! 

Not measurable 

1.5 

1.5 

2 

0.5 

1.7 

1.2 

3 

0.7 

1.3 

0.6 

4 

0.9 

1.7 

0.8 

5 

1.0 

2.1 

1.1 

6 

1.1 

1.9 

0.8 

7 

1.5 

1.5 

0.0 

8 

1.5 

1.8 

0.3 

9 

1.8 

2.5 

0.7 

10 

2.0 

2.3 

0.3 

11 

2.6 ±0.1 

3.0 

0.3-0.5 

Average 

1.2 

1 

1.9 

0.7 


in the apparatus was recorded as the interstitial resistance. If no spread occurred the pressure 
was raised by stages of 0.1 or 0.2 cm. of water until it appeared. 

It is to be recalled that any mixing of the test fluid with lymph was prevented before re- 
moving the micro cannula from the lymphatic. As result the dye coloration of the test fluid 
remained sufficiently intense to render it visible in tom or injured blood and lymphatic capil- 
laries. If it appeared in them the preparation was discarded. Further, the test fluid by re- 
taining its initial composition also retained its ability to behave within the tissues like a 
relatively unabsorbable fluid during the period in which the measurements of interstitial resis- 
tance were made. 

The findings are summarized in Table II which gives the lymph pressure 
within the capillaries, the interstitial resistance, and the difference between 
them. 

In none of the eleven comparisons was the interstitial resistance lower than 
the lymph pressure. The latter varied more than the interstitial resistance 
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and the greatest differences between them were obser\’ed when the pressure 
in the lymphatics was low. In the first six experiments of Table U and in the 
ninth, the differences between the lymph pressure and the interstitial resistance 
were greater than 0.5 cm. of water. It seems probable that in these instances 
the pressure in the tissues was higher than that of the lymph within the capil- 
laries. In Experiments 8, 10, and 11, the interstitial resistance and the lymph 
pressure differed by only 0.3 to 0.5 cm. of water. In all probability the pres- 
sures on both sides of the lymphatic capillary wall were approximately equal 
in these instances or, as in Experiment 7 in which the pressure measurements 
were identical, the pressure in the tissues may have been actually less than that 
of the lymph. 

Visual observations made during these tests yielded some enlightening addi- 
tional data. 

In Experiment 1, Table II, the intralymphatic pressure was too low to be measured by the 
technique employed; the apparatus, as set up, did not permit one to measure negative pressures 
and at the moment the test was made the pressure may have been negative. Yet there was an 
obvious flow of lymph into the caimulated channel fiom the tributary vessel close to the tip 
of the micro cannula Whenever the least pressure was put upon the contents of the cannula, 
blue fluid emerged from it and was gently swept away along the capillary. Evidently flow was 
taking place in the latter either at zero or at negative pressure. There must have been a 
strong pressure gradient from the tissues to the lymph. 

In Experiment 7, as already mentioned, the interstitial resistance equalled the lymph 
pressure, indicating that the latter was hi gh er than the true pressure in the tissues. It was 
noticed wMIe measuring the pressure that the blue fluid wluch left the cannula proceeded in 
the channel only as far as the nearest valve. Just beyond this point, the lymphatic capillary 
passed over a vein and was squeezed shut between the vein and the skin. pressure of 3.0 
cm. of water was required to force fluid past the point of occlusion. Evidently there existed 
in the segment of the lymphatic capillary in which pressure had been measured a physiological 
blockade resulting in stagnation of lymph. This state of affairs could conceivably have pro- 
duced a slightly higher pressure within the channel than in the tissues. 

The manipulations involved in measuring the pressure within the capil- 
laries often led to the appearance of edema by the time a reading of interstitial 
resistance could be undertaken. Ail instances showing frank edema tmder 
such circumstances, as manifested by a smooth and cloudy appearance of the 
skin or thickening of it, were e.xcluded from Table U, but it is possible that, 
in the last two instances in the table, an imperceptible edema had begun to form. 
The lymphatic capillary pressures were higher than the average and the be- 
havior of the fluid emerging from the micro caimula during the measurement 
of the interstitial resistance was not tj'pical of that usually observed; the 
coloring matter forced from the cannula into the tissues spread with greater 
rapidity than usual. Shortly’ after the measurements had been made the ears 
became fmnkly edematous. In these two experiments the interstitial re- 
sistances may have been measured during an unrecognizable stage of oncoming 
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edema. The fact that the intralymphatic capillary pressures were high would 
tend to support this view. If it is correct, then in these two instances the 
pressures outside the capillary walls would soon have become significantly 
greater than the lymph pressures, judging from the other tabulated instances. 

Comparison of the Lymph Pressure and Pressure of the Fluid in 

Edematous Skin 

It is well known that lymph formation and flow are often greatly enhanced 
by the pressure of inflammatoiy edema (14, 15, 17-19). Further, in states 
of edema, free fluid is usually present in the skin and consequently the pressure 
existing outside the lymphatic capillaries can be accurately determined (4, 5). 
Accordingly edema fluid pressure was compared with that of the lymph in the 
capiUaries. 

The Induction of Edema . — Painting the mouse ear witJi .tyiol or heating its surface to 46°C. 
by means of a lamp (11) renders the skin intensely hyperemic almost at once and 5 to 15 min- 
utes later an obvious edema appears (4, 6, 11, 20). As it develops the wrinkles of the cutan- 
eous surface become smoother, as viewed under the microscope, and the skin itself looks 
clouded. Often, especially if .^ylol has been used, the ears assume a ground glass appearance. 
When pressed with a blunt instrument they “pit on pressure” or if pricked with a sharp needle 
droplets of fluid usually e.\ude. When micro pipettes have already been placed in the inter- 
stitial tissues (4) to make pressure measurements, free fluid passes mto the pipettes in many 
instances within a few minutes after the application of either heat or xylol, that is to say at 
about the same time that direct inspection indicates the onset of edema. Measurements of 
the edema fluid pressure have shown that it generally mcreases steadily for 2 hours or more and 
then slowly falls (4). 

Intralymphatic Capillary Pressure and Edema Fluid Pressure . — In seventeen e.xperiments 
lymph pressure was first measured in the lymphatic capillaries in the ears of normal mice 
anesthetized with nembutal in tlie usual way. Then, with the micro cannula still in place, 
a rapidly forming edema was induced by one of the methods just described. Experience 
gained on hundreds of edematous ears (4, 6, 11, 20) made it possible to recognize edema early, 
when it formed rapidly, by simple inspection under the microscope without resorting to “pit- 
tmg on pressure” or other manipulations which might disturb the position of the micro cannula. 
At various times up to 2 hours after heating or painting the ears, that is to say during the 
period of rapid edema formation, the lymph pressure was again measured, often repeatedly. 
Just after the last measurement the stop-cock of the manometric apparatus was closed, leaving 
the pressure within the apparatus at the level of the intralymphatic pressure. By means of 
the mechanical stage the lymphatic in which pressure had just been measured was disengaged 
from the micro cannula, in the manner employed in the previous e.xperiments on normal ears. 

A new position for the cannula was found in the connective tissue close to the channel, and 
the stop-cock was slowly opened. Usually colorless edema fluid began to enter the cannula, 
contrasting clearly with the blue fluid already there. At once the pressure in the apparatus 
was adjusted until the boundary of the two fluids lay at the cannula’s tip. The reading then 
represented the edema fluid pressure. The first measurements were usually completed within 
2 to 4 minutes after shifting the position of the pipette. 

Table III presents the data from sLx experiments in which mild heat was 
used to produce edema. Table IV summarizes the data from eleven other 
e.xperiments (Nos. 1 to 11, inclusive) in which the ear was painted witli xylol. 
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In an additional experiment, No. 12, edema was produced 24 hours before 
pressure measurements were made, and consequently the lymph pressure just 
prior to the onset of edema is unknown. 

In each of the e.xperiments the first determination of lymph pressme, made 
prior to the application of heat or .xylol, left a little blue fluid in the cannulated 


TABLE m 

Intralymphaiic Capillary Pressure attd Edema Fluid Pressure 
iri Ears Subjected to Mild Heal 


Ei- 
peri- 
meat - 
No. 

Pressure 

before 

edema 

Timeaf^ 
application 
of beat 

Pressure during 
edema 

Differ- 

ence 

Remarks 

Intr:v* 

lympha- 

tic 

yVjgmn. 

fluid 
(intersti- 
tial fluid) 

bitra- 

lympha- 

tlc 


cm, of 



cm. of 

cm. of 

cm. of 



uofer 



xcQler 

icaUr 

voter 


1 

0.0 

0 

30 

2.0 

5.5 

3.5 


2 

1.3 

0 

15 

2.0 



After the 15th minute gross swelling of 




20 

2.6 



the ear became visible. Now for the 




32 

4.0 



first time the blue fluid expelled from 



1 

3 

3.0 



the micro cannula into the l>Tnphatic 



1 

6 1 

— 

6.0 

3.0 

while the pressure readings were 








taken was rapidly swept away along 








the diannel 

3 

1.4 

0 

40 

1.2 

4.2 

3.0 j 


4 

1.5 

0 

20 

1.5 

2.2 

0.7 


5 

2.0 

0 

30 

2.0 

2.2 

0.2 


6 

2. 0-2. 3 

1 0 

0 

2.0 



Swelling of the ear appeared by the 



0 

12 

1.0 



6th minute and increased rapidly? 



0 

21 




Concurrently the blue fluid intro- 



0 

23 

Bi 

5.0 

3.5 

duced into the lymphatic paled and 





■1 



was swept away 


lymphatic. The onset of edema was frequently heralded by a rapid disap- 
pearance of the color, and through the microscope one could often observe 
rephcement of the blue fluid by clear lymph draining into the cannulated chan- 
nel through some tributary vessel. At other times the blue fluid simply paled 
and faded out as if dilution had taken place. .As these phenomena occurred, 
the Ij-mph capillary pressure rose steadily in some of the experiments and 
fluctuated in others. Often, as the clearance of the channels occurred, there 
was a temporary fall in lymph pressure. 

In ten ex-periments. Nos. 2 and 6, Table m, and Nos. 1 to 4, 6 to 8, and 10, 
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TABLE IV 

The Iniralymphaiic Capillary Pressure and Ihe Edema Fluid Pressure in Ears Painted with Xylol 



Profisuro 

bcloio 

odcsma 


Intralym- 

phatio 


Timo 
alter ai>- 
plicatioa 
of xylol 


ProMuro during 
edema 


Edema 

fluid 

(inter- 

atitial 

fluid) 



cm. oj tcaler] hrt. min. 


1.0 

1. 3-1.1 


Dillcrcnco 


cm. of Koier 



Short experiment: cannula became dis- 
lodged from the lymphatic when 
edema began to form. The blue test 
fluid introduced into the channel in 
taking the preliminary pressoke read- 
ing was rapidly flushed away along the 
lymphatic when it no longer entered 
after the pressure in the apparatus was 
reduced to zero. It follows that 
lymph flow was taking place thoogh 
the pressure was low. 45 minutes 
after the first edema fluid pressure 
measurement bad been made “gel for- 
mation” occurred (see text). 


Very rapid edema formation 
Blue fluid in channel cleared away 


46 — 

12 — 

1 IS — 


"Gel-formation" 


— 3.0-3.S 

— 4.8 

2.4 d= 0.1 2.2 d: 0.1 


At the 14th minute, with the pressure in 
the cannula at 2.2 cm. of water, blue 
fluid introduced into the lymphatic 
was rapidly flushed away although os 
this happened inflow from the cannula 
was continuing. The intralympbatic 
pressure fell and rose a few minutes 
later 


0.0 to —0.4 The only instance in which edema fluid 
pressure was lower than the intra- 
lympbatic pressure 










PHUJP D. ircilASXER 


303 


TABLE Vf—Condudtd 



Pressure 


Pressure duiina 





before 


AflpmA 





edema 

Time 





Beraarks 


1 

after ap- *" 
plication 


KHema 

Diflerenca 


Intralyiii- 

of xylol j 

htxalym- 

fluid 




phatic 


phatic 

stitial 

fluid) 



( 

rm. oj valtT 

\ts. min. 

cm. of 
icalcr 

cm, of 
water 

cm. of tsaUr 


6 

2.0 

0 3-5 

2.2 




At about the 6th miaate after the appU- 


7-12 

1.5 




catioa of xylol the blue test fluid was 



30 

1.5 




duslied along tlie cBannel and tfle pres- 



32 


4.7-6.0 1 

3.2-1 .5 

sure fell, as in Experiment 4. At the 



45 

1 U 

— 

17.0 

24.0 



32nd minute free fluid wzs stSU present 
in the tissues. .A.t the 45th minute the 
ear assumed a “ground glass** apiiear- 
ance, the *'gel-5tate** had appeared, 
nnd in consequence £ree fluid no longer 
entered the mnnula 







7 

3.2 

0 5 

3.2 







9 

3.2 




Papidly formlag edema which remained 



16 

6.0 




fluid 



29 

7.5 







33 


9.0 

1.5 




1 26 

— 

3.6 

— * 


3 

2.4 

0 0 

2.4 




At the 5th miaate intense hTperearia: 



6 

3.9 




the iTmph pressure rose, then fell 5 

i 


11 

2.5 




minutes later and rose again at the 



17 

3.1 


i 


17th minute. At the 35tb minute so 



32 

3.3 




little hee fluid was present in the 



35 

— 

4.1 d: 

0.2 

0.6-1.0 

tissues that there was dimcolty in ol>> 



47 


19.ol 


the correct edema fluid pres- 







sure. M the 47th minute the ‘*gel 
state’* was present 


9 

2.5 

1 4 

3.S 

7.0 

3.2 


10 

2.6 

0 2 

2.3 




Between the 30th and 45th minutes a 



15-2C 

1 3.6~J.4 




temporary fall in lymph pressure took 



26 

4.0 




place, with rapid flushing of the test 



30-4i 

i 3.1-3.3 




fluid from the channel 



1 1 

3.5 







1 4 

— 

9.4 

5.9 




2 00 

— 

3.0 

— 


a 

2.3 

0 5-11 

Q 3.0 

3.0 

0.0 

Short experiment; leakage about the 








nnnuU developed at the 10th minute 

12 

Ko mexs' 

24 0 

10.0 

10.0 

0.0 

Ear still swollen and edematous 2i hours 


uteaeut 






after xylol application. Free fluid 


Ukeapri' 

or 





entered the car.auU against a pressure 


to cdem; 

X 





of 9,6 cm. of water; lymph pressure 
and edema fluid pressure equal 
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Table IV, lymph pressure measurements were made in series as edema de- 
veloped. Generally the pressure increased as time passed, but in all these 
histances the edema fluid pressure rose still higher. The difference in pressure 
between the outside and the inside of the lymphatic capillaries varied from 
—0.4 to 5.9 cm. of water. This being so it is easy to see why lymph flow 
greatly increases in acutely edematous skin. In eight of the experiments (Nos. 1, 
3 to 5, Table III, and Nos. 5, 9, 11, and 12, Table IV), the lymph and edema 
fluid pressures were measured but once. Pressure gradients of 3.0 cm. of water 
or more were found in eight mstances (Nos. 1 to 3, 6, Table III, and Nos. 
3, 6, 8, 10, Table IV) while in several others in both tables the pressure of the 
edema fluid approximated the lymph pressure, though it was very sh'ghtly 
higher. Three of the tests deserve special mention. In Experiment 5, Table 
IV, the edema fluid pressure was found to be equal to or 0.3 cm. of water lower 
than the lymph pressure, a difference so slight that the pressures may be regarded 
as equal. In two e.xperiments. Nos. 11 and 12, Table IV, the measurements 
were identical. However, in one of these. No. 11, the cannula became dis- 
lodged from the lymphatic only 10 minutes after the e.\'periment was begun 
and the edema had only just become visible. In the other e-xperiment. No. 12, 
the measurements were made 24 hours after the application of xylol and the 
fully formed edema was probably receding. 

The Occasional Appearance of a Gel-Like Edema in Skin . — A peculiar phe- 
nomenon occasionally appeared during the development of the xylol-induced 
edema in Experiments 1, 3, 6, and 8, Table IV. In these instances, as in all 
the others, the edema fluid pressure had been measured in the usual way, by 
first lowering the pressure within the apparatus until the edema fluid began 
to flow into the cannula and then finding the pressure required to stop the flow. 
Quite suddenly, as these measurements were repeated at time intervals ranging 
from 16 to 45 minutes after the application of xylol, the edema fluid failed to 
enter the cannula when the pressure was lowered. At first it was believed 
that the mouth of the cannula had become obstructed by bits of tissue or by 
lymph clots, and indeed this was tire case in several experiments which have 
been ruled out. In other instances clots or obstructions were sought but not 
found. Since edema fluid did not enter the micro cannula, pressure was put 
upon its contents until the blue test fluid began to move into the tissue. To 
accompUsh this, very high pressures, 14.0 to 25.0 cm. of water, were required, 
as shown by the boxed figures in column 5 of Table IV. When the positions 
of the micro cannulae were changed and they were inserted into the tissues at 
other points, the same phenomenon was encountered and no free edema fluid 
oozed from puncture wounds made in the skin. It was as if the free fluid had 
undergone the change to a gel, perhaps forming a clot as lymph often does. 
The phenomenon appeared only in the ears painted with xylol and may con- 
ceivably have resulted from a high degree of inflammatory irritation. 
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It has been mentioned earlier that the difference between the interstitial 
pressure and the interstitial resistance in edematous skin has been found to 
be approximately 0.5 cm. of water (4). In this connection it is to be noted 
that the high pressures shown in the boxed figures in Table IV are not to be 
considered as measurements of the interstitial resistance. Instead they repre- 
sent the pressure necessary to disrupt the presumptive gel or clot present in 
those instances. 


DISCUSSION 


The pressure in the lymphatic capillaries of the mouse ear has proved to 
be the same or shghtly less than that in the relatively large draining channels 
of other animals. In the cervical lymphatics of dogs lateral pressures ranged 
from 0.8 to 2.6 cm. of a sodium bicarbonate solution, 0.5 to 2.0 cm. of a soda 
solution (sp. gra. 1.080), and —2.8 to -r3.2 cm. of water when measured by 
Noll (21), Weiss (22, 23), and McCarreU (24) respectively. Drinker and 
Field (18) found the lymph under no pressure in a resting leg of a dog, and 
Lee (25, 26), stud 3 ring the mesenteric vessels of cats, reported pressures of 
0.5 to 6.7 cm. of water in vessels proximal to the mesenteric node, and pres- 
sures of 3.0 to 6.8 in the chaimels distal to it. Higher pressures have been 
found in the larger lymphatics draining inflamed areas (17, 19) or actively 
moving organs (19, 24, 27), as also, of course, when end pressure measurements 
have been made in obstructed lymphatics (19, 24, 28), that is to say imder 
conditions that differ widely from those considered in the present work. High 
pressures in minute peripheral lymphatics have been reported only by Kdniges 
and Otto (29) who foimd an average pressure of 24.5 mm. of mercury in the 
highly specialized terminal chylous vessels of the intestinal villae of cats. 

One of the early workers on the mechanism of lymph flow, Weiss (22, 23), 
reasoned that the pressure in lymphatics must increase in the vessels as they 
approach the periphery. This seemed a justifiable assumption since Rudbeck 
(30) had shown, as early as 1653, that ligated lymphatic vessels become dis- 
tended on the peripheral side of a ligature and collapse on its proximal side. 


Two hxmdred years later Bonders (31) concluded that the lymphatics would 
collapse if the pressures in the tissues should become higher tlian that in the 
channels. It remained for Gaskell ( 32 ) and later for Starling (33, 34) to sug- 
gest that the pressure within small lymphatics need not be higher than that in 
the tissues since thesmall lymphatics are connected to the formed elements of the 
connective tissues by fibrils. As result, an increase of the pressure in the 
tissues with consequent distention of the latter should ser\-e to puU the lym- 
phatic walls still farther apart rather than to collapse them. The suggestions 
of Starling and of Gaskell were made at a period when, as the result of writings 
of von Recklinghausen (35) the lymphatic capillaries were supposed to have 
open ends, but they have been corroborated by Clark and Clark (36), by 



306 


PRESSURES WITHIN CUTiVNEOUS LVMPH/VTIC CAPILLARIES 


Pullinger and Florey (37), by work from this laboratory (7, 8, 14, 20), and by 
some observations made in the present studies. For example, in several of 
the experiments in which, after measuring the lymph pressure, edema of the 
ears was induced by painting the skin with .xylol (Table IV) the lymphatic 
capillary walls suddenly became loose around the micro carmulae; as the edema 
developed and pressure in the tissues rose, the channels were widened and 
lymph began to leak out around the shafts of the cannulae, preventing further 
measurements of the lymph pressure. Clearly the high fluid pressure in the 
tissues during the early stages of edema formation did not collapse the lym- 
phatics, but on the contrary increased their diameter, and under the circum- 
stances it must have acted to force fluid through the capillary walls to form more 
lymph. 

The existence of an effective pressure difference between the edema fluid 
and the capillary lymph, as shown in the present work, not only discloses a 
mechanism which will account at least partially for the flow of lymph but it 
furnishes evidence for the generally accepted view that the lymph capillaries 
have walls devoid of fenestrations. This evidence corroborates the anatomical 
studies of others (38-42). It also confirms work from this laboratory (7, 
10, 11, 20) in which the behavior of dyes injected into lymphatic capillaries 
indicated an unbroken continuity of the vessel walls. 

Despite their continuity the walls of the lymphatic capillaries are extremely 
permeable, even more so than blood capillary walls. This is evident in the 
fact that dyes escape from lymphatic capillaries into the surrounding tissue 
about as fast as from blood capillaries, although the hydrostatic pressure exist- 
ing in the lymphatic channels and tending to force fluid through their walls is 
far lower than in the capillaries carrying blood (10, 11). Since tissue fluid 
gets into the lymphatics so readily, and lymph flow is relatively slow, what 
can be responsible for the retention of the fluid in the lymph capillaries until 
it reaches the larger, relatively thick-walled channels from which it cannot 
escape? It seems reasonable to suppose that the retention is due to the pres- 
sure of the interstitial tissue fluid. Undoubtedly this is the case in the skin 
of the ears of mice during the rapid formation of edema, but does it hold as 
well in normal ears in which the true interstitial pressure cannot be measured? 
As has already been brought out above, the interstitial resistance, measured 
in the present work by micro methods, must have been very close to the true 
interstitial pressure. The average of all the measurements of interstitial re- 
sistance shown in Table II was 1.9 cm. of water as compared with 1.2 for the 
lymph pressure. In more than half the e.xperiments on normal ears there 
must have been a gradient of pressure from the tissues to the lymph, for the 
interstitial resistance was higher than the lymph pressure by more than 0.6 
cm. of water. In the remaining tests the interstitial pressure and the l 3 mph 
pressure, as judged by measurements of the interstitial resistance, were probably 
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about equal. Under these circumstances there was little reason for the fluid 
in the lymphatic capillaries to escape before an alteration in local conditions 
caused it be moved into the thick-walled drainage channels. 

stnuiARy 

The pressure in the cutaneous lymphatic capillaries of normal mice anes- 
thetized with nembutal ranged between 0.0 and 2.7 cm. of water. Measure- 
ments of the interstitial pressure in the tissue immediately next the lymphatics 
showed that, in more than half the instances studied, there was a slight gradient 
of pressure from the tissues to the lymph. In nearly all the other instances 
the pressures inside and outside the lymphatic capillaries were approximately 
equal. In two cases in which lymph flow in the capillaries was rapid, the lymph 
pressure may have been negative. Under these circumstances there must 
have been a considerable gradient of pressure from the tissues to the lymph. 

In skin which was rapidly becoming, or had recently become, edematous as 
result of the application of xylol or of heat, the intralymphatic capillary pres- 
sure generally was increased, yet when compared with the pressure prevailing 
in the edema fluid outside of the capillaries it was usually found to be relatively 
much lower, at times by as much as 5.9 cm. of water. The findings indicate 
that a pressure gradient is an important factor in lymph formation under 
normal and pathological circumstances. 
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The experiments to be described were imdertaken with a twofold purpose: 
(1) to test the susceptibility of infant rhesus monkeys to poliomyelitis virus fed 
by natural means; and (2), to study the distribution of virus in the tissues of 
this species when infected by the oral route and to compare the pattern obtained 
with that reported for cynomolgus monkeys infected orally (1, 2) and for fatal 
human cases (3-10). 

Earlier Feeding Experiments. The Susceptibility of Various Monkey Species . — ^The 
earliest successful attempt to produce infection by the gastrointestinal route is that 
reported by Leiner and von Wiesner in 1910 (11). These workers fed large amounts 
of virus by stomach tube to two monkeys (species not mentioned), one of which de- 
veloped paralytic poliomyelitis, confirmed by histological sections. They also inocu- 
lated virus directly into the ileum at laparotomy and produced “characteristic s>m{)- 
toms” in three of four animals tested. Between the years 1910-1929, attempts to 
repeat the work of Leiner and von Wiesner were largely unsuccessful. Flexner and 
Lewis (12), Landsteiner, Levaditi, and Pastia (13), .Amoss (14), Rhoads (15), Schultz 
(16), and Thompson (17) aU described negative results. 

Although various monkey species and strains of virus were used in these experi- 
ments there was no attempt to evaluate such %'ariables until the work of Kling, 
Levaditi, and their associates Lepine and Homus (18-21). These investigators, 
between 1929 and 1934, reported a series of experiments testing the susceptibility of 
both rhesus and cynomalgus monkeys to poliomyelitis virus fed orally, injected b>' 
stomach tube, and introduced directly into the intestinal tract at laparotomy. They 
were able to infect nine of twelve cynomolgus, but failed when rhesus monkeys were 
used. Burnet and his coworkers confirmed these observations in 1939 (22): eight of 
fifteen cynomolgus to which virus was administered orally, by pharyngeal swab, or 
by stomach tube, developed poliomyelitis. (An objection had been raised to the 
earlier successful experiments of Kling and his group, on the ground that when infec- 
tion was produced by the oral route virus may have entered through the olfactory 

• Aided by a grant from the National Foundation for Infantile Paralysis, Inc. 

_ t Alfredo BErsch Foundation Fellow of the Academia Nadonal de Medidna, Buenos 
Aires, .Argentina. 
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pathway. This difficulty was anticipated by Bumet and his colleagues who blocked 
the nasal pathway in some of their animals by preliminary apph’cation of a ZnS 04 
spray to the nasal mucosa.) Subsequently, cynomolgus monkeys have been infected 
a number of times by oral administration of virus (1, 23, 24) and other species a few 
times: M. inis {vtordaxY in one of eleven trials (23, 26) the green African monkey, 
Cercopiihccus aethiops sabcus, in one of seventeen (25, 26), Negative results have 
been obtamed with one capuchin (Cebits fatuelliis) (25), one grivet (Ccrcopithcciis 
griscoviridis), (28), seven vervets, Cercopithcciis aethiops pygerythrus, (27, 28), two 
M. sinicKS (29, 30), and two baboons one of which was of the species Fapio hainadryas 
(27, 31). 

The experimental animal which has proved most susceptible to infection by the 
gastromtestinal or oral route of virus administration is the chimpanzee. But it was 
many years before this was appreciated. Landsteiner and Levaditi first attempted 
such an experiment in 1910 (30) by feeding a chimpanzee 10 cc, of infected monkey 
cord by stomach tube. The animal remained well and the result was interpreted as 
negative. However, since it is now known that in chimpanzees infection is often 
manifested only by a “healthy” carrier state for a period of weeks (33, 34, 35) it is 
possible that the animal used by Landsteiner and Levaditi did become infected even 
though it 'never developed paralysis. Chimpanzees were not used for similar e.xperi- 
ments until 1942 when Howe and Bodian induced poliomyelitis in five of five animals 
usmg infective human stools as the inoculum, which was administered by simple 
feeding, by stomach tube, and by lingual and buccal swab (31). The olfactory 
tracts of the animals were sectioned before the e.xperiment was begun in order to block 
the olfactory patliway. Subsequently, a “healthy” carrier state was produced in 
each of thirteen chimpanzees tested in Baltimore (33) and in eight chimpanzees in 
New Haven (34, 35). 

The results with chimpanzees are in marked contrast to the experience with rhesus 
monkeys. In the latter, of the twenty-three reported animals in experiments in 
which it has been specifically stated that M. mulatto were used for various types of 
feeding e.xperiments (virus being given by mouth, by stomach tube, and rectal tube) 
twenty-three negative results have been reported; of these, twenty-two attempts were 
in young or adult rhesus, while one was in a 3 month old baby rhesus (31). Leiner 
and von Wiesner (11) reported a single positive, although it is not entirely certain 
that the species used was M. mulalta. In recent unpublished e.xperiment3 from our 
laboratory, one young rhesus of eight fed the Y-SK strain developed paralytic polio- 
myelitis (32) ; previous experience with feeding this strain of virus to young adult 
rhesus monkeys had been negative (23). 

Strains of Virus. — ^The e.xperiments of Sabin (1) indicate the possible role of virus 
strain differences in producing infection by the oral route. Six of fifteen cynomolgus 
monkeys developed paralyses when fed the recently isolated “Per” strain, while none 
of five cynomolgus showed signs of disease when fed the Rockefeller MV strain. 
Earlier experiments of Clark and his associates (36, 46) and Flexner (5) in which 
both cynomolgus and rhesus were fed the highly monkey-adapted MV strain, were 

^ There are at least several branches of the cynomolgus family, and the terminology is not 
perfectly clear. Those which have been used include, M. cynomolgus (Java), Jf. irus (mordax), 
M. filipenensis (PhUippine Islands), and M. irus valida (Siam). 
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also negative. Bumet and his gioup used recently isolated human strains in their 
successful feeding experiments (22), as did Vignec, Trask, and Paul (23) who used 
early passages of the Y-SK strain. The successful tests in chimpanzees have been 
with human stool suspensions (31), fly-contaminated food (34), and the Y-SK 
strain (35). ^ 

Site of Penetration . — In attempting to localize the level of the gastrointestinal tract 
at whi(i the virus penetrates the intact mucous membrane, Faber, Silverberg, and- 
Dong (24) fed virus (“Per” strain) to cynomolgus in capsules, applied it by lingual 
swab, and injected it by enema. Positive results were obtained only with the lingual 
SYfab technique in one of eighteen trials. 

Summary. — ^Table I s ummar izes the reported experiments dealing with the 
production of poliomyelitis by various oral and gastrointestinal routes. The 
number of imcontroUed variables in these experiments make it impossible to 
compare the susceptibility of the different species more directly. Although 
such a tabulation would make for simplicity and clarity, it would nevertheless 
be misleading. The table is therefore constructed on chronological lines. 

I. The Susceptibility of Infant Rhesus Monkeys to Orally Administered 

Poliomyelitis Virus 

In view of the apparent resistance of young or adult rhesus monkeys to orally 
administered poliomyelitis virus, the foUowing experiments were planned to 
test the susceptibility of infant rhesus monkeys to poliomyelitis virus adminis- 
tered orally. An attempt was made to reproduce as far as possible a “natural” 
mode of infection, and simple virus feeding alone was therefore employed. In 
order to avoid the possibility of infection by the olfactory pathway, the nasal 
mucosa of each animal was sprayed vigorously with 1 per cent ZnSO* on two 
occasions 2 to 5 days apart, before feeding was begun. This procedure has 
been shown by Schultz and Gebhardt (37) to block the penetration of virus 
through the nasal mucosa to the olfactory tract. 

Materials and Methods 

Monkeys . — Seven infant rhesus monkeys, M. muJaUa, ranging in age from 3i weeks to 
approximately 4 months and one young adult rhesus were used (see Table II).* During the 
course of the experiments each animal was observed daily for signs of poliomyelitis, and daily 
temperature records were kept. Those animals developing fever and paralysis were sacrificed 
early in the disease in the hope of obtaining a maximum yield of virus from the various tissues. 
Animals showing no signs of disease were observed for 5 to 6 weeks; they were sacrificed at 
the end of tHs period, and sections of their olfactory bulbs, brain stem, and cervical, thoracic, 
and lumbar cords were made for histological examination. 

Virus Strains . — .4 variety of strains were used. They included two rodent-adapted strains 
(Y-SK and Ph), infective human CXS and stools, and monkey cord infected with recently 
isolated human strains. Table H indicates the various strains fed to each nnim-.l Some 

^ * We arc indebted to Dr. G. van Wagenen of the Department of Obstetrics and Gynecology, 
4 ale School oi Medicine, for most of the infant animals used in these experiments. 
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TABLE I 


Altempis to Produce Experimental Poliomyelitis by the Oral and Gastrointestinal Routes 


Year 

Authors 

flnimal species 

Inoculum 

Re- 

sults 

Comment 

1909 

Landsteincr and 

•U. siniciis 

Virua emulsion by stomach tube 

0/1 



Levaditi (29) 


j 



1910 

Lcincr and von 

Not given 

1 

(a) SO cc. of cord emulsion by j 

1/2 

Histology O.B. n.ei. 


Wiesner (11) 


stomach tube, 2-3 times 

3/4 

All animals received 




(A) Virus inoculated directly 

morphine before in- 




into ileum at laparotomy ^ 

1 


oculation to reduce 
intestinal motility 

1910 

Landsteincr and 

Chimpanzee 

! 

10 cc. cord suspension by stem- 

0/1 



Levaditi (30) 


ach tube 



1911 

Landsteincr, 

i/. sintcus 

Cord suspension in milk by 

0/1 



Levaditi, and 


stomach tubc-340 cc. over 17 




Pastia (3) 

if. mutatla 

days 

Cord suspension in milk by rcc- 

o/i 





tal tube-130 cc. over 26 days 



1929 

Rhoads (cited by 

if. cyttomol- 

12-23 cc. 20 per cent “mixed vi- 

0/3 

Preliminary treatment 


Flwner (5)) 

gus 

rus suspension” 


with NaHCOi and 
opium 

1929 

Schultz (16) 

Not given 

Aycock-Flexner strain-? gm. 

0/2 





monkey cord in ISO cc. milk, 3 
times in 24 hours 



1930 

Demme (42) 

Not given 

Kling strain-passaged in mon- 

l/2 

Positive monkey rec- 




keys for 15 years. Cord sus- 


ceived preliminary 

1 

1 

1 

1 

1 

pension by stomach tube 

i 

! 

treatmentwith sapo- 
nin to produce diar- 
rhea 

1930 

Thompson (17) 

if. mutatta \ 

Ay cock strain— 20 per cent sus- 

0/4 

Preliminary treatment 



1 

pension 10-15 cc. by stomach 
tube 2-4 times over 18-51 days 


with bile as irritant 

1930 

Claiic, Schindler, 

Not given 1 

20-25CC. cord suspension every 

I 0/3 

1 


and Roberts (36) 


5 days for 8-14 weeks 

1 

! 

1929 

Kling, Levaditi, 

M. cyttomot- 

Cord emulsion. 10-35 cc. 1-3 

3/3 

Histology-hiO.B.n. ex 


and L6pmc (18) 

gus 

doses (2 by stomach tube, 1 by 
mouth) 

1/1 




If. cynomot- 

Cord suspension — 1 cc. directly 

Histology-}-; O.B.n.ex. 



gMS 

into ileum at laparotomy 

0/2 




if. mulalla 

Cord suspension — 45 cc. in 3 





doses by mouth 



1931 

Levaditi, Kling, 

if. cyttomol- 

Cord suspension in potato. 


Histology -}-; O.B.n.e.x 


and L6pine (19) 

gus 

banana by mouth 

3/3 

Histology -f; O.B. n.ei. 



SI. cyttomol- 

Cord suspension by stomach 



gus 

tube. 10-25 cc., 1-2 doses 



1933 

Levaditi, Kling, 

SI. mulalla 

20 per cent cord suspension by 

0/1 



and Hornus (20) 


stomach tube daily for 3 days 

1/2 

Histology -}-: O.B. n.ei. 


if. cyttomol- 

Fed virus in butter daily 5-10 



gus 

doses 










TABLE I — Conlinned 


Year 

Authors Ai 

limal species 

Inoculum 

Re- 

sults 

(Comment 

Wil K 

3ins, Lcvaditi, J 

/. cyiMmoU 

Virus injected directly into in- 

3/l6 

Histology +; O.B. n.ei. 


and Hornus (21) 

gits 

testine 5-10 cc. doses 



19i2 S 

laddingtoQ (43) J 

If. cynotr.ol- 

Ckiid suspension in milk ISO cc. 

1/1 

Histology +; 03. n.ei. 


gits 

0 %-er 6 days by dropper 



1932 ( 

iHarh, Roberts, ^ 

M. cynoiJioU 

Rockefeller MV strain 25-^0 cc. 

0/2 



and Preston (46) 

gits 

5 per cent cord suspension by 
stomach tube over 2 days 

0/3 




l£. cynotncl* 

10 cc. iiv cord suspension di- 





rectly into ileum, duodenum 



1936 ; 

Fleiner (5) 

3/. cyncmoU 

10 per cent MV suspension 180- 

0/3 



gits 

410 cc. in 7 fe^ings by stom- 
ach tube 

0/2 





11. cynomoU 

lSO-210 cc. of same material by 




gus 

dropper in 7 feedings 

0/2 




JT- cyMmoU 

25 per cent MV and Phil., 1932, 




gliS 

cord 35-45 cc. in 2-4 feedings 
by stomach tube 

2/S 




If. cynotnaU 

25 per cent MV and Phil., 1932, 

Histology -r in animal 



gits 

cord into intestinal tract at 
bparotomy 

0/2 

sacrificed. 03. — 



if. mulaita 

Same 


1936 

Lcnnette and 

if. v.ulaUa 

Suspensions of cord directly 

0/3 



Esdsan (33) 


into isolated loops of bowel 






every 3-7 daysfotOmos. 

1 

1 

1939 

Baiaet, Jacksin, 

if. cynomcl^ 

Thick suspension of monkey 




and Robertson 

gits 

cord **Mar** strain 




(23) 


(1) Fed 1 cc, with pipette 

2/6 





(2) Inoculated into stomach 

0/1 


1 



(3) Inoculated into duodenum 

1/1 





(4) Swabbed tonsillar region 

1/2 

Olfactory bulbs of 






-pmonkey negative 
on subinocolatioQ 




(3) Same 

2/3 

Preliminary ZnSOt to 


* 




nasal mucosa. His- 
tology +; OJB. n.ex. 




(6) Swabbed tongue 

2/3 

Histology -f; O.Bm.cx. 

1939 

VIgnec, Trash, and 

if. tuofdax 

0.9 gm. early passage Y-SK 

1/9 

Histology -f; O.B. — 


Paul (23) 


Strain cord in banana over 3 
days 





if. cynomoU 

3 gm. Y-SSl cord in banana 

1/1 

Histology +; O.B. -j- 



gus 

if. mul^Ua 

Y-SK in banana 

o/s 


19i0 

Rasmussen and 

Not givea 

25 cc. virus suspension by stom- 

0/2 

Preliminary treatment 


CUik (33) 


ach tube daily for 3 days 

with starch intra- 
cereb rally 


mi 

Trash and Paul 

C. faiuiUus 

Y-SR monkey cord suspension 

0/1 



(23) 


in banana 




if. txardix 

Same 

0/2 




if. cynotnoU 

Same 

0/1 




gits 






C. aiihiops 

Same 

1/7 

Histolcgy -f ; 03. — 

— 


soieus 
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TABLE I — Continued 


Year 

Authors 

Animal spcciea 

Inoculum 

Re- 

sults 

Comment 

1942 

Howe aad Bodioa 

C. atlhiapt 

Fooled positive human stools by 

o/i 



i (31) 1 

1 

pyttryihrus 
(verve t) 

stomach tube 





Baboon 

Same 

0/1 




il. cynomol- 

Same 

0/2 




l(,mulaUa 

Same 

O/l 




aged 3 mos. 
31. mulalla 

Same (by rectal instead of stem- 


0/6 




ach tube) 




Chimpanzee 

Fooled human stoob orally 

2/2 

Paralytic poUomyelitis 



(Pan saSy~ 



developed in all 5 



rus) 

Same — by stomach tube 

2/2 

animab. Olfactory 
tracts sectioned be 




Same— swabbed on tongue and 

1/1 

fore feeding begun 




Bps 



1944 

Sabin and Ward 

if, cynomot- 

10-20 cc. “Per” strain cord sus- 

6/lS 

Histology -h; O.B. -f- 


(0 

gus 

pension in banana 


in 2/6 



il. cynomot- 

Same — but using MV strain 

0/s 




Sus 




1943 

Faber, Silvetberg, 

il. cynomot- 

0.6 gm. Per strain cord, dried. 

0/26 

Negative animab used 


andOong (24) 

tut 

given in capsule 

I/I8 

repeatedly 




Same material swabbed on 

Hbtology +; O.B. — 




tongue 

Same — by enema 

0/11 


1944 

Paul (27) 

C. ftteoxiri- 

1-3 cc. 10 per cent infected bu- 

0/1 




dis (grivet) 

man spinal cord by stomach 
tube 





C. atlhiapt 

Same 

0/1 




pyteryihrus 

(vervet) 


0/1 




Papio hama- 

Same 




dryas (ba- 
boon) 




1944 

Melnick* 

C. acihtops 

10-20 per cent Y-SK cotton rat 

o/s 

Preliminary ZnSOr to 



pyteryihrus 

(vervet) 

cord 2 cc. daily for 8 days 

nasal mucosa 


194S 

Howe and Bodian 

Chimpanzee 

Positive human stool suspension 

6/6 

All animals became in- 


(33) 


by stomach tube, swabbed on 

testinal carriers of 




tongue and buccal surfaces 


virus; none devel- • 
oped paralytic dis- 
ease. Hbtology +. 
O.B. -f- in 2 of 6 



Chimpanzee 

16-18 cc. positive human stool by 

2/2 

Both became intqstinal 




mouth 


carriers with no pa- 
ralysb. O.B. -f- 



Chimpanzee 

20 cc. stool by mouth 

?1/1 

Neither carrier state 




nor paralysis. Au- 
topsy after 7J mos. 
showed minimal 

lesions 
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TABLE I— Concluded 


tax 

Authors 

Aiuiual spedos 

Inoculum 

Re- 

sults 

Comment 

1945 

Ward, Uelnick, 
and Hontznann 
(«) 

Chimpanzee 

North Carolina, 1944, fij con- 
taminated food 

2/2 

AH animals became in- 
testiial ciirieis of vi- 
nu; none devdoped 

1947 

Melnick and Horst* 
mann (55) 

Chimpanzee 

Y-SE strain 10 per cent cotton 
rat cord by month 

3/3 

paralytic disea«;e 

1947 

Ho^e and Bodlan 
(26) 

C. Mihiops 

iaieus 

5 CC. 20 per cent emulsion cord — 
“Brunhilde II virus pool** 

0/10 

Stoob of all animals, 
collected between 14 
and 16 days after 
feeding, native in 
rJ&erujmonheys 


Resoltsolhutolagical ezunination of olfactory bulbs recorded as folloirs: OJ.+ (positive); 03, — (nega- 
tive); 03. n.ex. (not eaamincd). 

* Vnpubllsbed data. 


animalg received one form of virus suspension only, while others were given several types of 
material sometimes in pools of each. 

Adminislraliott of Virus . — Five of the animals were fed virus suspended in a milfc: formula 
in ordinary baby nursing bottles with rubber nipples. The formula, bottles, and nipples, 
were all sterilized before each use. Two animals were fed virus in milk, drop by drop, from 
a sterile pipette. In several, the milk feeding was supplemented by virus suspension inocu- 
lated into bananas. Some of the stools were fed as crude suspensionsj'others were first con- 
centrated by ultracentrifugation (38). The CNS materials were given as 10 to 20 per cent 
suspeirsions. The number of feedings varied from one to seventeen per monkey, and the 
dosages from 6.6 cc. of ultracentrifuged concentrate to 273 cc. of 10 per cent suspension. 
(See Table n.) 


RESULTS 

Two of the seven baby rhesus developed paralytic poliomyelitis after being 
fed virus. 

One animal, Rh. 27-06, developed fever, irritability, and questionable weakness of the legs 
on the 8th day after feeding was begun, and complete paralysis of the legs on the 9th day 
(Fig. 1). The total virus dosage was 53 cc. of a 10 per cent suspension of Ph strain, the last 
10 cc. of which were given early on the day symptoms first appeared. Histological sections 
revealed typical lesions of poliomyelitis in the cervical, thoracic, and lumbar cord, consisting 
of marked perivascular infiltration and neuronophagia. The olfactory bulbs were negative 
when examined in serial sections. 

The other positive result was obtained with Rh. 27-38. This .animal received a 
total of 95 cc. of Y-SK strain, consisting of 10 per cent suspension of cotton rat and monkey 
cord. Feeding was carried out over a period of 12 daiu (Fig. 1). Fever, irritability, and 
ear tremor developed 17 days after feetfing was begun, and 6 days after the last dose of virus 
had been administered. On the 18th day, the signs were more marked and the legs seemed 
weak. On the 19th day, the temperature fell and there was no further progression of weak- 
ness. The animal was sacrficed on this day. Histological sections of the medulla, cervical, 
thoracic, and lumbar cord revealed typical lesions of poliomyelitis. Serial sections of the 
olfactory bulbs were negative as were sections of the gasserian ganglia. 

A third monkey, Rh. 27-05, had an episode of fever, anoreria, and irritability lasting 3 



316 


POLIOMYELITIS VIRUS 


TABLE II 


Susceptibility oj Infant Rhesus Monkeys to Poliomyelitis Virus 
Administered by the Oral Route 








Result 3 

Monkey 

No. 

Age of 
monkey 

Strain led 

Inoculum 


Dates of 
feeding 



rtmouut 

Paraly 

SpiQat 







$13 

Icoionj 






im 



27-06 

3 } wks. 

Ph (Middle 

10 per cent mouse 

53 cc. 

4/14-1/2: 

1 + 

+ 

1 


East) 

CNS 





27-38 

3J wks. 

y-SK 

10 per cent cot- 

20 cc. 

5/29-5/ZL 

) 





ton rat CNS 
20 per cent mon- 

75 cc. 

5/31-6/9 

+ 

+ 




key cord 





27-31 

4 wks. 

ML\ed — many 

Pool of ultracen- 

6.6 cc. 

5/13 





U. S. strains 

trifuged posi- 
tive human 
stools 







Chicago, 1943 

10 per cent and 

293 cc. 

7/28-8/17 

— 

— 



and New 

20 per centhu- 






0 

Haven, 1944 

man cord 





27-05 

10 wks. 

Chicago, 1943 

Pool of positive 

73 cc. 

4/14-4/23 






human stools 
Ultracen trifuged 

8 cc. 

4/25 

... 





concentrate 

1 







1 Stool suspen- 
sion 



1 


27-32 

3 mos. zfc 

Ph (Middle 

10 per cent 

19 cc. 

5/19-5/20 

— 




East) 

mouse CNS 

10 per cent 

20 cc. 

7/28-7/30 






mouse CNS 





31-17 

4 mos. ± 

North Caro- 

20 per cent mon- 

77 cc. 

S/lO-S/24 


— 



lina, 1944 

key cord 





31-18 

3 mos. ± 

North Caro- 

Ultracentrifuged 

28 cc. 1 

S/lO-S/15 





lina, 1944 

concentrate 








positive hu- 
man stools 







New York 

Sharpies concen- 

28 cc. i 

5/20-8/25 

— 

— 



City, 1944 

trate positive 
human stools 






2 yrs. ± 

Ph (Middle 

10 per cent mouse 

40 cc. 1 

»/20-5/28 

— 

— 



East) 

brain 



— 

— 




Mouse brains 

O.S gm. 
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days which was thought to be compatible with abortive poliomyelitis. This aiumal had 
received a total of 73 cc. of crude stool suspension and 8 cc. of ultracentrifuged concentrate 
of fecal material. The onset of symptoms was 15 days after virus feeding was begun and 3 
days after it had been stopped. Stools collected on the 3rd day of Dlness and during the 
subsequent 8 days were pooled, concentrated by ultracentrifugation, and tested intracere- 
h rally ip another rhesus monkey with negative results. Rh, 27-05 was sacrificed 24 da)^ after 
thfg mild illness (41 days after the feedings was begun). No lesions were found in three levels 
of the cord or in the medulla or olfactory bulbs. 

The other four animals, as well as the control, remained entirely well during the experi- 
ment Two animak (27-31, 27-32) had been given small doses of virus and observed for the 
usual period for signs of disease. Both remained healthy and after 5 weeks were fed the same 
or different strains in large amounts, again with negative results (Table 33). 


m 105 • 
O' 

n 

'< 
a 
m 
a 
2 
ui 


104 ‘ 
103 ■ 
I02‘i 
lOI*) 


11 Mill 



Rh. 2706 


WRll‘ 14*15 *16 *17*18 *19 *20*31 '22 23 24 '25 *26 27*28 "29 *30 *31 



Fig, 1. Course of events in two baby rhesus infected with poliomyelitis virus by the oral 
route. .Arrows indicate times at which virus was fed. 

II. Dislribution of Poliomyelitis Virus in the Tissues of Two Infant Rhesus 
Monkeys Infected by the Oral Route 

Studies on the localization of poliomyelitis virus in the fatal human diwer* 
(3-10) and in cynomolgus monkeys infected by the oral route (1, 2) have shown 
different dbtribution patterns. \ATiile in neither case does the virus seem to be 
as strictly neurotropic in its location as was once believed, it is more diffusely 
distributed throughout the tissues of the cynomolgus monkey than in man. 
In their series of human autopsies on five bulbar and two spinobulbar t>'pe 3 of 
cases Sabin and Ward (8) found virus primarily in the nervous system, the 
alimentary tract (includmg the phaiynx), and superficial Ijnnph nodes. The 
results in less e.\tensive studies of human tissues have been similar (3-7, 9, 10). 
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In studies using cynonwlgiis, Sabin and Ward found that not only these systems, 
but blood, trachea, liver, spleen, kidney, and bladder also yielded positive 
tests for virus (1). In the present study, an attempt was made to determine 
the virus distribution in orally infected rhesiis monkeys and to compare it with 
the pattern found in the human disease and in orally infected cynomolgtis 
monkeys. 


Material and Methods 

Monkey Tissues . — ^The two infant rhesus 27-06 and 27-38 which developed paralytic polio- 
myelitis after being fed large amounts of virus were sacrificed as soon as the diagnosis became 
clear. The animals were killed under ether anesthesia by bleeding from the heart. Autopsies 
were performed using sterile technique. Various tissues were removed separately, each with 
a different set of sterile instruments. The olfactory bulbs were fixed whole in formalin for 
serial sectionmg. The other tissues were frozen on dry ice in individual sterile lusteroid tubes. 

Tests for Virtis . — The testing for virus was carried out in young rhesus monkeys, mice, and 
cotton rats by intracerebral inoculation of the various tissue extracts. The use of rodents 
was possible because both animals had been infected with rodent-adapted strains of virus. 
Lymph nodes, spinal cord, and adrenals were inoculated as 20 per cent suspensions. The 
rest of the tissues were extracted with HjO and the extracts concentrated by ultracentrifuga- 
tion (38). The test monkeys were observed daily for 4 to 6 weeks before being sacrificed for 
histology, and tlie negative rodents were discarded at the end of the observation period. 
Criteria for a positive test were: the development of typical signs of the disease during life 
with characteristic histological lesions in the monkey, and the development of signs of the 
disease only in rodents. Passage to other rodents and to monkeys was carried out in some 
instances. 


Results of the Study of Virus Distribution 

A summary of the tests for virus is presented in Table III. From Rh. 27-06, 
fed Ph strain and killed on the 2nd day of its disease, virus was recovered from 
spinal cord, superficial lymph nodes, buccal mucosa, small mtestinal wall, 
colon contents, heart muscle, spleen, and adrenal glands. Serial sections of 
the olfactory bulbs showed no lesions. No virus was found in the blood, 
pharyngeal wall, mesenteric lymph nodes, celiac ple.vus, liver, kidney, or lungs. 
The spinal cord was passed successfully to a monkey, mice, and cotton rats. 
Brain passage of mice and cotton rats paralyzed after receiving suspensions 
of heart and adrenal gland was carried out in mice, cotton rats, and rhesus 
monkeys (Fig. 2). Passage was successful in all instances. That the virus 
detected in mice was the same as the one fed to Rh. 27-06 (and not one indige- 
nous to mice, viz. Theiler’s) was evident from the fact that the mouse passage 
material retained its monkey pathogenic property. 

Rh. 27-38, following the ingestion of the Y-SK strain in large amounts, was 
killed on the 3rd day after its first symptoms of poliomyelitis. Although 
extensive lesions were present in the spinal cord and medulla, we were unable 
to recover virus from any of the tissues of this baby monkey. In addition, 
stools, collected during the 2nd and 3rd days of virus feeding (14 days before 
onset of symptoms) were pooled, ultracentrifuged, and tested in rodents. No 



TABLE ni 


Dlslrihulion of Virus in the Tissues of Infant Rhesus Monkeys Infected by the Oral Route 


Tissue 

Rfa 27-06 Gose) 

» 

Rb. 27-33 (Francisco) 

Mice 

Cotton 

rats 

Monkeys 

ilicc 

Cotton 

rats 

Monkeys 

Heart blood 

0 / 8 * 

0/9 



0/6 


Tongue 

0/12 

0/5 



1 0/5 


Buccal mucosa 

1/li 

0/6 



' 0/6 


Pharyngeal wall 

0/11 

0/6 


0/10 

0/5 


Axillary lymph nodes 

1 


SJ./7 


0/10 

0/3 


Inguinal lymph nodes 

J 


r 


0/13 

' 0/3 


Cervical lymph nodes 

, 1 

U /Q 



0/12 

0/6 


Submental Ijmph nodes 

J 

?x/o 



0/12 

0/6 


ilesenteric lymph nodes 

0/10 

0/9 


0/13 

0/3 


Celiac plexus ] 

— 

0/5 


0/12 

0/3 


Spleen 

0/12 

1/4 


0/12 

0/6 


Kidney 

0/11 

0/6 


0/12 

0/3 


Adrenal 

0/12 

3/6 


0/11 

0/6 


Liver 

0/12 

0/5 


0/11 

0/6 


Small intestinal contents 

0/10 

0/10 


0/4 

0/5 

0/1 

Small intestinal wall 

3/8 

0/11 


0/10 

0/4 

0/1 

Colon contents 

4/8 

2/9 


0/5 

0/5 

0/1 

Colon wall 

0/9 

O/IO 


0/10 

0/4 

0/1 

Lung 

0/11 

0/4 


0/7 

0/6 


Heart muscle 

3/12 

6/6 


0/4 

0/4 


Anterior perforated substance. 

0/4 

0/9 


— 

— ! 


Nasal mucosa and nasal 







bones 

0/12 

0/6 


0/12 

0/6 


Spinal cord 

3/10 

3/4 

1/1 

0/19 

0/10 1 

0/4 


* Numerator = number of test animals which developed poliomyelitis. Denominator = 
number of animals on each test. 
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virus was recovered. The spinal cord was tested as a 10 per cent suspension 
in two monkeys with negative results. The cord suspension was then concen- 
trated by ultracentrifugation and tested in twelve mice, ten cotton rats, and 
two more monkeys, again with entirely negative results. Ultracentrifuged 
concentrates of colon contents, colon wall, and small intestinal contents and 
wall were all negative in monkeys as well as in rodents. 

DISCUSSION 

It has been demonstrated in these experiments that baby rhesus monkeys 
can occasionally be infected with poliomyelitis virus by the oral route. In our 
tests there were two positive results of seven trials. From this small number 
questions of strain difference, age of the monkey, and dosage cannot be evalu- 
ated in the susceptibility of infant rhesus to orally administered virus. But 
the enormous doses of virus used to transmit the disease and the failure of some 
animals to become infected on even larger doses, suggest that even the infant 
rhesus is relatively resistant to virus administered by this peripheral route. 
Both of the strams which produced infection are rodent-adapted ones related 
serologically to the Lansmg strain (39). A variety of human stool and central 
nervous system strains either as fresh human material or as early monkey 
passage CNS failed to produce infection. However, the two positive animals 
were both 3 to 4 weeks old, whereas three of the four negative ones were 2^ 
to 4 months old, and only one was 4 weeks of age. 

The recovery of virus from the tissues of one baby monkey paralyzed after 
being fed virus, and failure to recover it from another similarly infected is 
difficult to understand. Both animals were killed early in the course of disease 
(48 and 72 hours after onset) and both showed e.xtensive spinal cord lesions 
histologically. Rh. 27-06, whose tissues were positive for virus, was fed infec- 
tive material the day symptoms first appeared, 24 hours before being sacrificed. 
Although it is possible that virus isolated from this animal’s buccal mucosa, 
and perhaps the cervical and submental lymph nodes, may have represented 
the inoculum of virus which had been ingested 24 hours previously, it seems 
unlikely that this was the whole explanation for the positive tests for virus 
isolated from the axillary and inguinal nodes, CNS, or other tissues. The 
animal whose tissues were negative, had not been fed virus for 6 days before 
onset of symptoms. The failure to recover virus even from the cord of this 
second animal, despite the relatively short time between onset and autopsy, 
and the extensive CNS lesions, is perhaps comparable to the occasional nega- 
tive tests obtained with human cords of patients dying in the acute stage of 
the disease. 

Although it would be unwise to generalize on the anatomical pattern of dis- 
tribution of virus from one orally infected rhesus monkey, this pattern appears 
to be less diffuse than that found by Sabin and Ward (1) for the cyiiomolgus 
monkey and closer to that reported for the human disease (see Table IV). 
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Yet virus was isolated in the infant rhesus from the heart and adrenals— the 
latter having been negative in the case of human autopsies and cynomolgus 


' TABLE IV 

Comparison of Virus Distribution in Orally Infected Rltesus and Cynomolgus Monkeys 
and Human Tissues at Necropsy 


Tissue 

Infant* thuus 

Cyiuaolitut 

Huraaa beings} 

Spinal cord 

1/2)1 

5/5 

25/46 

Olfactory bulbs 

012 

1/6 

1/17 

Nasal mucosa 

Oil 

1/4 

1/9 

Buccal tissue 

1/2 

4/5 

0/6 

Tongue 

0/2 

4/5 

1/6 

Phar>’ngeal wall and tonsils 

0/2 

5/8 

14/36 

Small intestinal wall 

1/2 

2/5 

6/15 

Small intestinal contents 

0/2 

— 

3/13 

Colon contents 

1/2 

3/3 

15/30 

Colon wall 

0/2 

1/5 

1/14 

CeUac plexus 

0/2 

1/7 

1/9 

Heart 

1/2 

— 

1 0/1 

Pool of lungs, liver, spleen, kidney 


— 

; 1/7 

Pool of liver, spleen, kidney 

— 

3/5 

— 

Pool of liver, spleen 

— 

— 

0/3 

Lungs 

oil 

0/4 

— 

Liver 

0/2 

— 

0/6 

Spleen 

1/2 

— 

0/7 

Kidney 

0/2 

— 

— 

Bladder 


2/2 

0/5 

Adrenals 

1/2 

0/5 

0/7 

Lymph nodes 




Pooled cervical, submental 

1/2 

— 

— 


- 

2/6 

1/10 

Pooled axillary, inguinal 

1/2 


1/7 



1/2 

1/3 



2/4 

Q/2 

Mesenteric 

0/2 

3/9 

5/69 




0/1 

Blood 

0/2 

1/1 

(1/112)? 


• Infected with murine-adapted strain; tissues tested in mice and cotton rats, 
t Figures taken from the literature (1, 2); tests performed in monkeys. 

} Figures taken from the literature (3-10); tests performed in monkeys. 

II Denominator = number of infected individuals tested; numerator^ number of positive 
tests. 

^ The single positive test for virus in the blood is that reported from this laboratory 
previously (41). 

tissues. Heart muscle was not tested in either the human or cynomolgus 
e.xperiments of Sabin and Ward. The only other visceral organ yielding virus 
in the infant rhesus tests was the spleen. This was positive in the one cyno- 
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molgtts spleen tested by Sabin and Ward and in a pool of lungs, liver, kidney, 
and spleen in one of their seven trials with human tissues. The fact that the 
spleen was positive in the baby rhesus in the absence of detectable virus in the 
blood suggests that the virus was actually in splenic tissue, and the positive 
result was not due to contamination by virus in the blood. However, the 
blood of infected rhesus monkeys (40) and in one instance that of a human being 
(41) have previously been found to contain virus. 

The negative tests with the celiac ple.xus and the mesenteric lymph nodes are 
in line with some of the tesults in the human cases and the cynomolgtis. The 
negative results with the pharyngeal wall and other tissues which might have 
been e.vpected to be positive, may be attributed in part to the incomplete pic- 
ture which results when only one animal has been studied. 

SinUiLIRY 

Although rhesus monkeys have been generally regarded as refractory to 
infection with poliomyelitis virus administered by the oral route, two of seven 
infant rhesus developed paralytic poliomyelitis when fed murine-adapted 
strains of virus. Preliminary intranasal treatment with zinc sulfate and nega- 
tive serial sections of the olfactory bulbs of the positive animals ruled out the 
possibility that infection occurred by way of the olfactory pathway. 

Studies on the distribution of virus in the tissues of the infected animals 
yielded positive results in one animal only. In this histance, virus was widely 
distributed throughout the body being isolated from spinal cord, buccal mucosa, 
duodenal wall, colon contents, superficial lymph nodes, spleen, heart, and 
adrenals. 
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PLASMA ESTERASE ACTIVITY IN PATIENTS WITH LIVER DISEASE 
AND THE NEPHROTIC SYNDROJIE 

By henry G. KUNKEL, MJ).. and SYLVIA if. WARD 
(From the Hospital of The Rockefeller Institute for Medical Research) 

(Received for publication, July 12, 1947) 

An increasing amount of evidence has been accumulated (1—3) which in- 
dicates that the albumin of the plasma is formed, in the liver. The fact that 
the degree of albumin depression correlates well with the severity of liver 
involvement in patients with various types of liver disease (4) is strong evi- 
dence in favor of such a concept. In view of the significance of the metabolic 
and oncotic effects of the albumin level of the plasma in determining the course 
of patients with various types of hypoproteinemia, it would appear to be of 
special importance to obtain information regarding albumin sjmthesis in these 
patients in an attempt to discover possible remediable defects. Direct studies 
of albumin turnover have yielded some information, but the picture in cirrhosis 
and nephrosis is often obscured by continued loss of albumin in ascitic fluid 
or urine. The therapeutic use of concentrated solutions of human albumin 
has made it even more difficult to determine.the rate of production of albumin 
and to evaluate the changes brought about by such therapy. The use of 
radioactive and isotope techniques has not as yet been feasible. Two other 
plasma proteins, fibrinogen and prothrombin, also have been shouTi to be 
formed by the liver (5, 6). To this list it is now possible to add a fourth pro- 
tein appearingjn the plasma and synthesized by the liver, namely plasma 
esterase. 

The possibility arose that, through a study in various hypoprotememic 
states of the other proteins synthesized by the liver and their changes dining 
therapy, information could be obtained regarding the general formation of 
proteins by the liver which rm'ght be applicable to the problem of albumin 
synthesis. 

Of the group of liver proteins the plasma esterase lends itself most readily to ac- 
curate estimation. In addition, the regeneration of this enzyme can be studied in 
various pathological states, following its destruction by a parenteral injection of 
diisopropyl fluorophosphate (DFP). Thh material is an extremely powerful and 
specific inhibitor of the esterase group of enzymes. Several observers (7, 8) have 
demonstrated conclusively' that these enzymes are irreversibly destroyed both in 
vitro and in vivo by DFP. Comroe, Todd, and Roelle (8), in connection with their 
use oi this material in patients with myasthenia gravis, studied the regeneration of 
plasma esterase following its destruction fay DFP. Wesooe (9) and Grob (10) have 
independently applied this technique to the study of patients with liver disease. 
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A decreased rate of formation of the enzyme was noted. These results correlated 
with the fact that the level of this enzyme in the plasma is markedly depressed in 
patients with involvement of the liver (11, 12). Other workers (13, 14) have demon- 
strated a high concentration of a non-specific esterase in the liver, similar to that 
found in plasma. The amount of this enzyme in the liver is depressed following 
experimental liver injury (13). These observations and others (IS, 16) demonstrate 
quite conclusively that tliis enzyme is formed in the liver. 

A close correlation between the plasma albumin level and the esterase activity in 
various pathological states was pointed out by Faber (11). Such a correlation did 
not exist in various proteinurias in which he found the plasma albumin to be depressed 
considerably more than the esterase (17). He offered as explanation that the amount 
of esterase lost in the urine in such patients, relative to albumin, was small and out 
of proportion to the plasma albumin-esterase ratio. 

The present report represents a further study of the relationship between 
plasma albumin and esterase in patients with liver disease, with special em- 
phasis on the effects of albumin therapy on the formation of these plasma 
components. In addition, the regeneration of this enzyme under various 
conditions in patients with the nephrotic syndrome was investigated and a 
comparison was attempted with the findings in the presence of a damaged 
liver. An indication of a defect in esterase synthesis in certain patients with 
the nephrotic syndrome was observed which was quite different from the de- 
fect found in patients with liver disease. 

Materials and Methods 

Data reported in this communication were obtained from thirty patients with 
infectious hepatitis, twenty patients with cirrhosis of the liver, and ten patients mth 
the nephrotic syndrome who were admitted to the Hospital or to the Out Patient 
Department of the Rockefeller Institute. The diagnosis of cirrhosis of the liver 
was clear from numerous liver function studies in addition to either the presence of 
ascites or direct visualization of biopsy sections of the liver. The ages of the patients 
with cirrhosis of the liver ranged from 12 to 60. The patients with the nephrotic 
syndrome all showed marked albuminuria, edema, ascites, and plasma albumin 
concentration below 2 gm. per cent. None of the patients showed a true ^poid 
nephrosis. They all showed evidence of glomerulonephritis at some time in their 
course. Their ages were all below 14. The normal controls included fourteen adults 
and six children below 12 years of age. 

Plasma esterase was estimated by manometric measurement of the CO 2 released 
from acetylcholine in bicarbonate buffer at pH 7.6. From 0.1 to 0.3 cc. plasma was 
diluted to 3 cc. with a buffer containing 0.03 M NaHCOa, 0.12 M NaCl, and 0.04 M 
MgCb. This concentration of NaHCOj in the presence of 5 per cent CO 2 (in tlie 
gas phase) yields a pH of 7.6. The 3 cc. of diluted plasma was placed in tlie main 
compartment of Warburg flasks and acetylcholine chloride or bromide (0.5 cc. of 
2.5 per cent solution in H 2 O) was placed in the side arm. The flasks were gassed with 
5 per cent CO 2 in O 2 or N 2 and allowed to equilibrate at 38°C. before mixing substrate 
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with plasma, .•\fter mixing, readings were taken every 5 minutes for 30 minutes and 
corrected for the change occurring in substrate and buffer alone. The results were 
expressed in terms of cubic millimeters of CO 2 released per 1 cc. of plasma per minute. 
Tributyrin also was used as substrate. Inhibition experiments demonstrated that 
the enzyme in the plasma splitting this substrate was inactivated by DFP and pro- 
stigmme in a manner completely similar to the emyme-splitting acetylcholine. In 
addition, the curve of regeneration of enzjrme activity following DFP inactivation 
in vivo was the same with the two different substrates. It appeared that the same 
enzyme was measured in each case. The non-specific nature of plasma esterase was 
dear. Acetylcholine was used as substrate in the following experiments because 
it was hydrolyzed somewhat more readily and more accurate results could be ob- 
tained. 

The enzyme was found to be extremely stable, and sera which had been stored for 
2 years at 0°C. showed the same activity that had been found initially. Either 
serum or plasma could be used. No evidence of inhibitors of the enzyme in the 
plasma was ever found. Bile salts and pigments did not inhibit the enzyme in con- 
centrations that exist in plasma. Patients with cirrhosis of the liver with or without 
jaundice showed equally great depression of esterase activity. 

A preparation of DFP in peanut oil was used for the in vivo destruction of plasma 
esterase. 0.04 mg. per Idlo of body weight was administered intramuscularly. 
Plasma esterase was determined the day foUowing administration and at periodic 
intervals thereafter. The concentrated human serum albumin used therapeutically 
showed no esterase activity. 


EXPEEniEOTAI, 

The regeneration of plasma esterase following administration of DFP was 
studied in five individuals, two with the nephrotic syndrome, two with cirrhosis, 
and one normal (Fig. 1). It was apparent that the rate of regeneration of the 
enzyme differed markedly in these patients. The patients with cirrhosis 
showed a very slow formation of the enzyme, v/hile those wdth the nephrotic 
syndrome synthesized the enzyme very”^ rapidly. In each case the plasma 
esterase level approached the original concentration in approximately 30 
days. 

A close relationship appeared to e.xist between the rate of regeneration and 
the initial level of the enzyme in the plasma. It seemed as if the level of the 
enzyme in the plasma reflected its rate of formation. To test this hypothesis 
the absolute values used in constructing the widely divergent regeneration 
ounces of Fig. 1 were expressed in terms of percentage of the initial concentra- 
tion of the enzyme. When these figures were plotted against time (Fig. 2), 
very' similar curves were obtained for each of the five patients. In other 
words, the percentage regeneration of the enzyme was the same; the wide 
difference in tlie absolute rate of regeneration in the patients was evident from 
the initial level of the enzyme in the plasma. The conclusion that the con- 
centration of enzyme appearing in the plasma at any one time is a reflection 
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of the rate of formation of the enzyme seems justified. The major information 
regarding the synthesis of the enzyme can be obtained from its concentration 
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Fig. 1. Curves showing the regeneration of plasma esterase following the administration 
of DFP in five individuals, two with the nephrotic syndrome, hvo with cirrhosis of the liver, 
and one normal. 



Fig. 2. Curves showing the plasma esterase regeneration following DFP with values 
expressed in terms of percentage of the initial esterase concentration in the same five individ- 
uals shown in Fig. 1. 


in the plasma, and the difi&cult procedure of observing regeneration following 
DFP is unnecessary. 

Plasma Eslerase and Albumin Concentrations in Patients with Acute In- 
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feclioiis HepatUis.—'Ihe relation of the esterase level to the albumin concentra- 
tion of the plasma was studied in thirty patients with acute infectious hepatitis. 
This disease offered the ideal opportunity for investigating the aberrations 
Mowing acute liver damage. Forty-four per cent of this group showed an 
albumin level below 4 gm. per cent which returned to normal late in convales- 
cence. All of the patients showing abnormalities in the amount of plasma 
albumin also showed lowered esterase values (Table I). The degree of lowering 
was somewhat difficult to determine because the esterase values tended to 
rise above normal during convalescence, and in order to determine the normal 
for each individual it was necessary to obtain values several months after the 
illnp^c; iiad terminated. The wide variation of esterase concentration in 
healthy individuals (40 to 90 c.mm. CO 2 ) made it essential to obtain the 
normal for each person. A depression of less than 10 c.mm. CO 2 was not 
considered significant. Seventeen patients or 57 per cent of the thirty cases 

TABLE I , 


Comparison of Plasma Esterase Depression in Infectious Bepoiitis Patients with and 
untltout Abnormalities in Plasma Albumin 



of patients 

Per cent 

[ Per cent show- 
ing esterase 
depression >10 

1 Average ni.iTi* 
mal esterase 
depressloa 

Plasma albumin <4 gm. per cent.. 

13 

43 

100 

e>mm, COt 

28 

Plasma albumin >4 gm. per cent 
(normal) 

17 

57 

46 

18 


showed no change in albumin concentration during the course of the disease. 
The esterase depression was considerably less in this group as shown in Table I. 

These observations demonstrate that the plasma esterase is more readily 
depressed in the presence of liver damage than the albumin level but that some 
relationship does e.vist. The fact that the patients with a depression of plasma 
albumin were the most severely ill generally should be considered in evaluating 
this relationship. Of greater significance was the finding that the depression 
of albumin and esterase occurred at approximately the same period of the 
disease. Both showed a delayed fall at a time when the symptoms of the 
illness were subsiding but prior to the rise in the globulin level (18). Table 
n illustrates this relation in two typical cases. 

Plasma Esterase Activity in Patients 'j/ilb Cirrhosis of the Liver and the Changes 
Occurring with Therapy. — In patients with cirrhosis of the liver the esterase 
depression was much more marked than in those with infectious hepatitis and 
the concentration was always below the normal range of 40 to 90 c.mm. CO*. 
Table m illustrates the results in eighteen patients with cirrhosis of the liver 
with edema and ascites. It is apparent that the patients with the lowest 
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albumin levels also had the most marked depression of the esterase concentra- 
tion. Serial determinations of plasma esterase over long periods of time in 
these patients demonstrated that the esterase levels remained very constant. 
The patients often improved markedly on various types of therapy without 
any significant change in esterase activity. It was only in those few patients 
who regained the ability to synthesize normal amounts of plasma albumin 

T/\BLE II 


Comparison of Serial Delerminations of Plasma Esterase and Albumin in Two Patients 

with Infectious Hepatitis 


Bay of disease 

Plasma esterase 

Plasma albumin 

Day of disease 

Piasma esterase 

Plasma albumin 


c.mm. COi 

Sin. per cent 


c.mm. COi 

tm. per ceni 

10 days before 

68 

4.1 

2 

60 

4.0 

2 

70 

4.3 

3 

63 

4.2 

5 

52 

3.6 

6 

41 

3.5 

7 

50 

3.7 

10 

32 

3.5 

12 

68 

4.0 

18 

54 

4.0 

19 

76 

4.2 

25 

74 

4.2 

27 

75 

4.1 

90 

64 

4.1 

34 

80 

4.1 




56 

72 

4.3 





T/VBLE III 

Comparative Results of Plasma Esterase Determinations in Patients with Cirrhosis of the 
Liver with Different Concentrations of Serum Albumin 
(All Had Ascites and Edema) 



No. of patients 

Albumin level 

1 

Average esterase 
level 



Sm. per cent 

1 c.mm. COi 

Group A 

13 

2-3 

i 22 

Group B 

5 

1-2 

13 


that a rise in esterase occurred. Fig. 3 illustrates the results of serial deter- 
minations of serum albumin and esterase over a period of IS months in a patient 
with cirrhosis of the liver. The patient received large amounts of albumin 
intravenously, which brought about marked clinical improvement with loss 
of ascites and edema after approximately 4 months of therapy. However, 
he was unable to synthesize sufficient albumin to preserve permanently the 
normal serum albumin level provided by the injections. The plasma esterase 
concentration remained constant throughout this period. Afterapproximately 
12 months of continued general improvement, during which time he put on 
considerable body weight, he finally regained the capacity to maintain a 
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normal plasma albumin level. At precisely the same time he demonstrated 
the capacity to s}mthesize larger amounts of plasma esterase. Following 
prolonged supportive therapy, the function of the Liver finally improved 
sufficiently to enable it to synthesiae significant amounts of these two proteins. 
Two other patients with cirrhosis of the liver who were treated with intra- 
venous liver extract for prolonged periods also regained their ability to pre- 
serve a normal plasma albumin level as well as a normal esterase level. Ten 
patients with cirrhosis of the liver who have not regained the ability to form 
albumin in a normal maimer have shown no rise in plasma esterase although 
considerable clinical improvement was evident in the majority. In every 
case the serum esterase remained abnormal as long as a defect in albumin 
synthesis persisted. 



Fig. 3. Curves showing the influence of long continued intravenous administrations of 
concentrated human serum albumin on the plasma albumin and esterase levels in a patient 
with drrhosis of the liver. 

Plasma Esterase Aclkily in Patients with the Nephrotic Syndrome . — ^In direct 
contrast to the findings in patients with liver disease, the esterase levels in 
patients with the nephrotic syndrome usually are higher than normal. Table 
IV shows the average results from ten patients. For purposes of comparison 
the results from normal individuals and patients with drrhosis of the liver 
are added. Fig. 1 illustrates the rapid regeneration of this enzj-me in two 
patients with the nephrotic syndrome. 

In order to obtain information as to the reasons for the high values for plasma 
esterase in the nephrotic sjadrome, serial determinations were carried out 
over prolonged periods of time in such patients and variations during different 
phases of the disease were studied. Fig. 4 illustrates the results of serial de- 
terminations of plasma esterase over a period of 3 months in two children with 
severe nephrosis. 
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Both patients had marked edema and ascites with severe albuminuria and a scrum 
albumin below 1 gm. per cent. Neither patient received any specific therapy. In 
each case the esterase values persisted above normal as long as the patients were 
followed. Patient 1 showed no evidence of improvement in his general condition 

T/U3LE IV 


Comparative Amounts of Plasma Esterase in Patients with the Nephrotic Syndrome, 
Cirrhosis of the Liver, and in Normal Controls 



No. ot cases 

Highest value 

Lowest value 

Average value 

Nephrosis 

10 

■■1 

45 

110 

Cirrhosis 

18 


6 

19 

Normal controls 

20 

1 

42 

65 



Fig. 4. Curves showing the results of serial determinations of plasma esterase in two 
children with the nephrotic syndrome. Patient 1 died, while Patient 2 developed a spon- 
taneous remission, 

and following a series of secondary infections finally died. His esterase values showed 
a gradual decline reaching a minimum at the time of death. Patient 2 also showed 
little change at first but suddenly, after approximately 3 months in the hospital, 
he developed a diuresis with loss of 10 kilos of body weight and showed a gradud 
rise in his plasma albumin level. This improvement was accompanied by a rise in 
his plasma esterase which closely paralleled the rise in plasma albumin. 
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Similar increases of the enz}'me also were observed in two other patients w’ith 
nephrosis who had a spontaneous improvement in their general condition. 
The rise in esterase was associated with an increase in plasma albumi n 
despite persistent albuminuria. 

Effect of Albumin Therapy on the Esterase Level of the Plasma of Patients with 
the Nephrotic Syndrome— In view of the rise of plasma esterase following a 
spontaneous remission in patients with nephrosis, it seemed advisable to ob- 



Fic. 5. Curves showing the effect oJ intravenous albumin administration on the plasma 
esterase level in two patients with the nephrotic syndrome and two patients with cirrhosis 
of the liver. The arrows indicate the beginning and end of therapy in each case. 

serve the changes in the enzyane level produced by various tj-pes of therapy. 
Determinations were carried out serially in two patients with the nephrotic 
syTidrome who had very low plasma albumin levels and who were treated 
intravenously for appro.rimately 30 days with an average of twenty-four 25 
gm. units of concentrated human albumin (Fig. 5). For purposes of compari- 
son, the results in two patients with cirrhosis of the liver who were similarly 
treatcd are charted. The patients with the nephrotic syndrome had a striking 
rise in the concentration of esterase which began approximately 10 days after 
the onset of therapy. This was of special interest because the patients im- 
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proved considerably symptomatically with little other laboratory evidence of im- 
provement. In contrast to the patients with the nephrotic syndrome, the 
patients with cirrhosis of the liver showed very little variation in the plasma 
esterase level despite clinical improvement. 

DISCUSSION 

The chief value of the technique of observing the regeneration of plasma 
esterase following destruction by DFP was to demonstrate that the level of the 
enzyme in the plasma reflects its rate of formation. Added significance may 
now be given to the concentration of the enzyme in the plasma in various 
disease states. The rapid regeneration of plasma esterase in patients with the 
nephrotic syndrome as compared with the very slow regeneration in patients 
with cirrhosis of the liver could be estimated as well by the determinations of 
the level of the enzyme in the plasma as by the time-consuming technique using 
DFP. 

The low levels of plasma esterase in patients with severe liver disease ap- 
peared to reflect the inability of the liver to form normal amounts of this 
enzyme. The liver’s ability to form another protein, albumin, was similarly 
affected. The delayed fall in these two protems foUowmg acute liver damage 
also suggested a formation defect. The degree of depression was proportional 
to the severity of the liver damage. In patients with cirrhosis of the liver 
long sustained therapy is necessary before the liver regains the ability to 
synthesize normal amounts of albumin and esterase. The fact that the time 
necessary for this to occur was approximately the same for the Uvo proteins 
is perhaps the best evidence of a similar formation. In these patients there 
was little doubt about the site of the defect in protein synthesis. The damaged 
liver is unable to perform tliis function adequately regardless of the avail- 
ability of the essential materials necessary for protein production. 

Numerous investigators have postulated a possible defect in protein synthesis 
by the liver in patients witli the nephrotic syndrome (1^22). The frequent 
observation of low plasma albumin levels in certain patients losing an amount 
of albumin that the normal person could readily replace has led to the belief 
that tlie primary defect may lie in the formation of albumin. The application 
of the usual liver function tests, however, has not revealed any abnormality of 
the liver in these patients (23). Moreover, since the formation of plasma 
esterase is dependent on the condition of the liver, the high values found in 
patients with the nephrotic syndrome suggest that die liver is performing this 
function in a hypernormal fashion. Although this evidence argues against a 
primary hepatic defect in protein formation in nephrosis, it is of interest that 
albumin replacement therapy leads to rises in esterase values to even higher 
levels, as is shown also during spontaneous remissions. 

It seems possible that the hypernormal levels of plasma esterase in nephrosis 
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reflect a general response on the part of the liver to regenerate protein more 
rapidly as a result of the loss of albmnin in the urine. Further evidence for 
this hypothesis can be found in the high concentrations of fibrinogen found in 
the plasma of these patients (2-1). As with plasma esterase, fibrinogen is 
synthesized by the liver and is depressed in patients with severe liver involve- 
ment. Electrophoretic studies have shown that certain of the alpha and beta 
globulins may rise in patients with nephrosis (25). It is not known whether 
all of these proteins are synthesized in the liver. Immunological studies have 
also revealed high concentrations of imusual proteins precipitating with the 
albumin fraction of the serum of these patients. On the other hand, the gamma 
globulins which are generally considered to be formed independently of the 
liver are actually depressed (25); in liver disease they are increased (26). It 
would appear, therefore, that in patients with nephrosis the liver is functioning 
well and is stimulated by the albumin loss to form unusual amounts of the 
proteins which it synthesizes. The question whether some of the stimulus 
comes as a response to furnish proteins for the maintenance of the oncotic 
pressure of the blood in the absence of albumin cannot be answered from the 
data at hand. 

The rapid rise in plasma esterase concentration following spontaneous re- 
missions of the nephrotic syndrome or following therapy with albumin, when 
contrasted with the difficult alterability of the enzjnne concentration in pa- 
tients with cirrhosis, demonstrates quite strikingly the e.vtreme difference 
between these two disease states. The fact that a rise in esterase concentra- 
tion does ocou: in certain patients with the nephrotic syndrome demonstrates 
that a defect in esterase synthesis may be present. This defect would appear to 
be very different from that e.visting in patients with cirrhosis of the liver. 
The rapidity of the esterase change following albumin therapy in patients with 
the nephrotic syndrome strongly suggests that the albumin supplies some factor 
which in the presence of an adequately functioning liver brings about increased 
synthesis of the enzyme. The essential factor may very well be albumin 
itself. 

The defect in esterase formation may be similar to that which is thought 
to e.xist in the synthesis of albumin in the severely ill nephrotic patient. Since 
the s>Tithesis of albumin is obscured by the constant loss of albumin in the 
urine, study of the plasma esterase system yields information concerning a 
similar protem, not lost in the urine to a similar e.vtent, but the synthesis 
of which is altered by the conditions underlying the nephrotic syndrome. It 
may be possible by this means to define the e.xact defect in protein formation 
that e.xists in these patients. 

The studies here reported appear to indicate that the liver is not primarily 
at fault but that certain essential materials which the liver needs for the sj-n- 
Ihesis of proteins in adequate amounts are lacking in certain patients with the 
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nephrotic syndrome. If these arc supplied, the liver can readily form the 
necessary protein. Evidence was presented that albumin administration aids 
in the synthesis of esterase by the liver. It may well be that a certain amount 
of albumm must also be present in the blood and tissues for proper synthesis 
of albumin by the liver. 

SUMMARY 

By a study of plasma esterase in various hypoproteinemic states information 
was gained concerning the synthesis of a protein by the liver, which may be 
applicable to the problem of albumin synthesis. Patients with infectious 
hepatitis and cirrhosis showed defective formation of plasma esterase that 
paralleled tlie defect in albumin formation. The defect could only be altered 
in patients with cirrhosis by very prolonged therapy indicating that liver 
function itself had to improve before the proteins could be formed in a normal 
manner. Patients with the nephrotic syndrome showed a normal or hyper- 
normal formation of plasma esterase. Following spontaneous remissions or 
the administration of albumin the esterase level showed a marked rise which 
was in direct contrast to the difficult alterability of the enzyme level in patients 
with severe liver involvement. It is suggested that the defect in protein 
syntliesis by patients with the nephrotic syndrome may be due to the lack of 
certain essential materials, one of whicli may be albumin itself, rather than 
to any abnormality in the liver. 

It is a pleasure to acknowledge the aid of Dr. F. P. Chinard, Dr. G. C. Cotzias, Dr. H. A. 
Eder, and Dr. O. J. Malm, and the helpful suggestions of Dr. D. D. Van Slyke. 
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Serious impairment of renal function may be foimd associated with the 
hemoglobinuria resulting from intravascular hemolysis or the injection of 
solutions of hemoglobin (1, 2). Similar disturbances of kidney function are 
observed following the crush injury of skeletal muscle with liberation of myo- 
globin from the injured muscle and excretion of metmyoglobin in the luine (3). 
Three general hypotheses have been suggested to explain this type of renal 
injury; obstruction of the renal tubules by the precipitation of derivatives of 
hemoglobin or myoglobin in their lumina (1), injury of renal tubule cells by 
toxic concentrations of these heme pigments (4-6), and diminished renal blood- 
flow due to vasoconstriction of renal blood vessels (7,8). Various modifications 
and elaborations of all of these hypotheses have been proposed and the possi- 
bility that all three mechanisms may be involved in varying degrees has been 
appreciated. 

During the coiuse of experiments designed to study methods of treatment 
of arsine poisoning, the pathogenrais of the renal dysfimction resulting from 
the intravascular hemolysis produced by arsine was investigated. Experiments 
were also carried out on dogs in which renal injury was produced by the intra- 
venous injection of solutions of dog hemoglobin or methemoglobin. 

Dogs 'were placed in a static' gassing chamber in which arsine was generated by the reaction 
of magnesium arsenide with water. The concentration of arsine in the chamber air was con- 
trolled by the amount of magnesium arsenide introduced into the reaction vessel. A con- 
centration of 1 mg. of ar^e per liter of air was most commonly used and the mortality rate 
of dogs exposed to this concentration for 15 minutes was 79 per cent. 

Solutions of dog hemoglobin were prepared by the method of Hamilton and Van Slyte (9). 
Washed dog red blood cells were hemolyzed by the addition of distilled -water, and the stroma 
proteins were precipitated by addification of the solution to pH 5.8 with 0.1 m HCl. FoUo-wing 
centrifugaliration and filtration of the supernatant through niter paper, the dear solution was 

*The work described in this paper was done under a contract recommended by the Com- 
mittee on Medical Research between the Office of Sdentific Research and Development and 
Vale University, July 1, 1944, to December 31, 1945, 

' In the static type of gassing chamber there is no exchange of air during the period of ex- 
posure of the animal to the toxic vapor. 
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brought back to pH 7.0 by the addition of 0.1 N NaOH and sterilized by filtration through a 
Seitz filter. Solutions of mcthcmoglobin were prepared by the addition of 4 moles of NaNOj 
per mole of hemoglobin. The concentrations of hemoglobin and methcmoglobin in the solu- 
tions and in the plasma of the experimental animals were determined by the method of Evelyn 
and Malloy (10). 

The effects of intravascular hemolysis or of administration of solutions of hemoglobin and 
methemoglobin upon kidney function were measured by serial determinations of the concen- 
tration of.urea nitrogen and creatinine in the plasma, and by determinations of the creatinme 
clearances. Urea nitrogen was determined by the manometric method of Van Slyke and 
Kugel (11) and creatinine by the Folin and Wu method (12) adapted for the photoelectric 
colorimeter. 

An adaptation of Gersh’s histochemical technique (13) for the study of kidney function 
was utilized in an attempt to determine whether the renal tubules were funetionally obstructed. 
The details of the raetliod as used are described elsewhere (14). Following the intravenous 
injection of solutions of sodium ferrocyanide, tlie distribution of ferrocyanide can be visualized 
in sections of kidney frozen and dehydrated in vacuo. In the dog, ferrocyanide is filtered 
through the glomerular membrane and is not reabsorbed by the renal tubule cells (15). Thus, 
in the kidney of the normal dog, ferrocyanide can be demonstrated histochemically in the 
glomerular space and lumen of the tubule while the tubule cells do not contain ferrocyanide 
ion. If the tubule cells are injured by the administration of known cytotoxic agents such 
as mercuric chloride, the damaged cells can be seen to contain ferrocyanide. Mechanical 
obstruction to the flow of urine through the tubules is indicated by failure to demonstrate 
ferrocyanide ion in tlie distal portions of tlie tubular lumina. 

The kidney sections were also e.xamined following fixation and staining, and the number of 
pigment casts per unit area in the sections of kidney stained with hematoxj'lin and eosin follow- 
ing fixation in Zenker formol solution was counted. Benzidine and iron-alum-heraato.xylin 
stains were used to demonstrate the presence of hemoglobin or methemoglobin (16, 17). 

Studies were made of the nature of the hemoglobin derivative comprising the pigment of 
the casts. The casts were teased out of frozen sections of unfixed kidney tissue, dissolved in 
buffer soluUons, and the absorption spectrum of the pigment e.xamined by means of a Beckman 
spectrophotometer. The solubilities of the casts in buffer solutions of varying pH were also 
determined in a qualitative fashion. 

Direct measurements of total renal blood flow were made in anesthetized dogs before and 
after the intravenous injection of solutions of dog methemoglobin. The left kidney of a dog 
anesthetized with sodium pentobarbital was brought out through a flank incision without 
tension on the pedicle and fi.xed with sutures beneath the skin. Following the intravenous 
injection of heparin, a T-tube cannula was inserted into the renal vein and tied in place, per- 
mitting unrestricted flow of blood through the cannula into the inferior vena cava. To de- 
termine the rate of blood flow through the kidney, the segment of renal vein between the 
cannula and the vena cava was occluded with simultaneous opening of the side arm of the 
T-tube. The blood flowing out of the side arm for a period of time (measured by stopwatch) 
was collected and its volume measured. The side arm was then closed, and the constriction 
of the renal vein released, restoring the flow into the vena cava. Repeated determinations 
were made and the blood removed was returned to the circulation whenever 30 or 40 cc. had 
been collected. 

Methods 

Stiidies of Renal Function and Renal Blood Flow 

In the dog intravascular hemolysis produced by poisoning with arsine may 
cause impairment of kidney function as indicated by a progressive rise of the 
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concentration of urea nitrogen in the plasma. The dog was found, however, 
to be e.'ctremely resistant to the injurious effects of hemoglobinemia and hemo- 
globinuria, and renal injury could be demonstrated only in animals with extreme 
hemolysis. The findings in two dogs, which survived over 48 hours following 
exposure to arsine and developed evidences of renal injury are given in Table 

T.\BLE I 


Course of Esenls in Dogs Exposed to Arsine 


Dog No. 

Pocked R. B. C. volume* 
2i bn. poit gaoling 

Plasma bemoglobln 24 
bn. post gassing 

Blood area N43 hn. 
past gassing 


per cent 

ta./JCO cc. 

ai./lCO ce. 

14-48 

10 

3.9 

122 

14r-17 

35 

6.7 

161 

15-34 

51 

2.0 

21 

15-40 

24 

4.0 

24 


* Expressed as per cent of the pregassing volume. 


HEMOGLOBIN IHJECH’ION 



<iM}/tOOCC. 


Text-Fig. 1. Relation of initial concentration of plasma heme pigment to rise in blood 
urea N during 24 hours following injection of hemoglobin solution. 

I, in comparison with those of two dogs which survived without evidences of 
renal damage. The degree of hemolysis of the red cells is indicated by the 
decrease in the packed red cell volume and by the concentration of hemoglobin 
in solution in the plasma. 

The experiments in which solutions of dog hemoglobin were injected into 
normal dogs also indicated that disturbance of kidney fimction could be pro- 
duced only by injections of large amounts of hemoglobin in concentrated solu- 
tion. In Te.xt-fig. 1, the initial concentration of hemoglobin in the plasma 
obtained 3 to 5 minutes following intravenous injection of a solution of hemo- 
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globin is plotted against the change in concentration of urea nitrogen in the 
plasma during tlie first 24 hours following a single injection of hemoglobin, A 
progressive increase in the plasma urea nitrogen was found in dogs which had 
received sufficient hemoglobin to raise the plasma hemoglobin concentration 
to approximately 5 gm. or more per 100 cc. The apparent lack of injurious 
effect of the lower concentrations of hemoglobin is emphasized by the fact that 
four of the dogs in which little or no rise in plasma urea nitrogen was found had 



INITIAL PLASMA HEME PIGMENT 
OM^OO CC. 


Text-Fig. 2. Relation of initial concentration of plasma heme pigment to rise in blood 
urea N during 24 hours following injection of methemoglobin solution. 

been made oliguric by deprivation of water and their urine flow had been re- 
duced to 0.0057 cc, per kilogram per minute or less prior to the injection of 
hemoglobin. 

Bing (18) has reported that a severe degree of renal injury could be produced 
by the injection of methemoglobin solutions into dogs made acidotic by the 
administration of ammonium chloride. Comparable amounts of hemoglobin 
injected into acidotic dogs had little effect upon kidney function and the in- 
jection of methemoglobin into normal dogs also failed to reduce kidney function. 
We determined the effects of injection of methemoglobin into normal dogs, 
dogs made oliguric by deprivation of water, and dogs made acidotic by intra- 
gastric administration of 0.1 n hydrochloric acid for several days. The 
experiments in all of the non-acidotic dogs are summarized in Text-fig, 2 in 
which the initial concentration of plasma heme pigment (methemoglobin plus 
hemoglobin)* is plotted against the change in concentration of urea nitrogen 

^ The solutions of methemoglobin employed in many instances contained some unosidized 
hemoglobin. 
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in the plasma during the 24 hours following the injection of the methemoglobin 
solution.|jThe apparent lack of correlation between concentration of heme 

METHEMOGLOBIN INJECTION 


A 

UREA 

N 

MG, 

100 CC. 


INITIAL PLASMA HEME PIGMENT ' 

CC. 

Texi-Fig. 3. Relation of initial concentration of plasma heme pigment to rise in blood 
urea N during 24 hours following injection of methemoglobin solution into oliguric dogs with 
urine flow of less than 0.006 cc. per kilo per minute at time of injection. 




Texi-Fig. 4. Relation of initial concentration of plasma heme pigment to rise in blood 
urea N during 24 hours following injection of methemoglobin solution into dogs with urine 
flow greater than 0.006 cc. per kilo per minute. 


pigment in the plasma and the elevation of the blood urea nitrogen is explained 
when the results are separated into 2 groups: dogs with mine flow below 
0.006 cc. per kilo per minute at the time of injection and those with urine output 
greater than this value. In Text-fig. 3 the data are given for the dogs deprived 
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METHEMOGLOBIN INJECTION 



TO- 


GO. 

A 

50- 

UREA 

40- 

N 

MG. 

30- 

100 CC. 

20- 


10- 


0| 


ACIDOTIC DOGS 
O 

O 


O 


O 

O 



3 4 


INITIAL PLASMA HEME PIGMENT 
^^00 CC. 


Text-Fig. 5. Relation of initial concentration of plasma heme pigment to rise in blood 
urea N during 24 hours following injection of methemoglobin solution into acidotic dogs. 


TABLE II 


Clearances oj Endogenous Creatinine in' Oliguric Dogs before and after Injection of Hemoglobin 


Elapsed time 

Urine flow 

Plasma creatinine 

Creatinine clearance 

Plasma hemoglobin 

min. 1 

cc./min, j 

. ms./lOO ec. 

I cc./min. 

sm./lOO cc. 


Dog 16-28, weight 9.3 kg. 


0-28 

0.033 

0.98 

15.1 

__ 

28-33 

Intravenous injection of 37 gm. hemoglobin 


33 

— 

— 

— 

5.3 

33-58 

Trace 

— 

■ — 

— 

58-119 

0.20 

1.35 

4.6, 

— 

119-188 

0.53 

1.45 

6.8 

— 

1274 

-■ — 

' 

— 

1.35 

1274-1340 

0.11 

2.04 

7.4 

— 


Dog 16-57, weight 5.9 kg. 


0-90 

0.028 

0.72 

1 17.0 



96-100 

Intravenous injection of 24 gm. hemoglobin 


100 

— , 

— 

— 

4.9 

100-311 

Trace 

— 

Trace 

— 

311 

— 

1.58 

— 

— 

1346-1418 

0.056 

3.13 

0.29 

— 


of water with reduction of urine flow to 0.006 cc. per kilo per minute or less at 
the time of injection of methemoglobin and in Text-fig. 4 are plotted tlie results 
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for dogs with urine flows in excess of this value. In the oliguric dogs severe 
impairment of renal function is seen following the injection of methemoglobin 

TABLE m 


CltararMS oJEndogaiO us Creatinine in Oliguric Dogs before and after Injection of Meilumoghbin 


Elapsed time 

XJriae 

\ Plasma creatinine 

Creatinine dcaiaoCe 

Plasma heme pigment 


cejmin. 

1 miJlOO u. 1 

u./nin- 

im.JlCO cc* 


Dog 16-15, weight iO.4 kg. 


0-96 

0.057 

0.70 

25.9 

— ’ 

100-101 

. Intravenous injection of 9.9 gm. metheinoglobin 


106 

— 

— 

— 

1.65 

106-145 

Trace 

— 

1 — 

— 

145-232 

0.037 

1.07 

0.5 

— 

232-310 

0.088 

1.25 

1.4 

— 

310-380 

0.019 

1.37 

1.5 

— 


Do 

g 16-29, weight 8.2 kg. 


0-Sl 

0.058 

1.31 

19.7 


81-90 

0.037 

1.31 

15.5 

— 


Intravenous injection of 8.2 gm. metbemoglobin I 


99 

— 

— 

— 

1.82 

99-435 

Trace 

— 

Trace 

— 

435 

— 

2.59 

— 

— 


TABLE IV 


Clearances of Endogoious Creatinine in AcidoticDog before and after Injection of Metlxmoglobin 




Urine Eow 

Urine 

pH 

Plasma 
' creatinine 

Creatinine 

clearance 

Plasma heme 
pigment 

min. I 

voi/liUr I 

cc./min. 


1 at./JOO cc. 

cc./min. 

gm./lOO cc. 

Dog 14-19, weight 17.2 kg. 

0-89 

10.0 

0.37 

5.3 1 

0.74 

36.8 1 

■ 


Intravenous injection of 13.9 gm. methemoglobin 


104 

104-140 


1.19 

6.0 

0.84 

21.1 

1.37 

140-192 


0.54 

6.0 

0.94 - 

10.8 


192-299 


0.52 

— 

1.08 

9.7 


299-403 


0.48 

— 

1.22 

8.3 



m amounts which result in an initial plasma pigment concentration of approxi- 
mately 1 gm. per 100 cc. or more, whereas in the dogs with the greater urine 
output much greater concentrations of plasma methemoglobin are found with- 
out severe renal injury. 
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The results of the experiments in the acidotic dogs are similarly plotted in 
Text-fig. 5. At first glance it appears that an acidosis of moderate severity 
(CO 2 content of serum 10 to 15 mu per liter) did not intensify the injurious 
effect of methemoglobin upon kidney function. The rate of urine flow in these 
dogs at the time of injection of methemoglobin was, however, much greater 
than in the non-acidotic animals. Altliough acidosis probably did have some 
effect in increasing the kidney damage resulting from injection of metherao- 
globin, in these e.vperments the rate of urine flow was the more important 
factor. 

Creatinine clearances were determined in these dogs before and after the 
injection of solutions of hemoglobin or methemoglobin. Because of the low 
rates of urine flow endogenous creatinine clearances were determined, and the 
individual collection periods were usually 30 minutes or longer. The urine 
was collected by an inlying catheter, and the bladder was carefully washed at 
the end of each period and the washings added to the urine sample. Typical 
experiments are tabulated in Tables II, HI, and IV. Immediately following 
the injection of hemoglobin in a dosage of about 4 gm. per kilo or methemo- 
globin in a dosage of approximately 1 gm. per kilo into the oliguric dog, urine 
flow may abruptly cease. After a variable period of time measurable amounts 
of urine can be collected, but as the results given in Tables II and III indicate, 
the creatinine clearances are reduced to extremely low levels. In the e.xperi- 
ment on the acidotic dog with normal urine flow (Table IV) no period of anuria 
was observed following the injection of methemoglobin but the creatinine 
clearance dropped rapidly and progressively. The urine pH rose immediately 
following the injection of methemoglobin and this phenomenon has been seen 
in all of the acidotic dogs. In several of the experiments the urine pH rose 
from 5.2 or 5.3 to approximately 7.0 at the onset of hemoglobinuria. A 
similar rise in urine pH with onset of hemoglobinuria was found in dogs e.xposed 
to arsine. 

Because of the abrupt drop in the creatinine clearance seen in many of these 
experiments the possibility of marked reduction of renal blood flow following 
the injection of methemoglobin or hemoglobin was considered. Direct 
measurements of renal blood flow by the technique described above were made 
in two dogs injected with methemoglobin. The protocols of these experiments 
are given in Table V. No evidence of reduction of blood flow through the 
kidneys was found except after prolonged anesthesia and manipulation. An 
increase of renal blood flow was seen immediately following the injection of 
methemoglobin solutions, which was probably due to the increase of plasma 
volume resulting from the injection of a 5 per cent solution of methemoglobin. 
One of the animals, CK 8, was essentially anuric at a time when total renal 
blood flow was normal. 
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TABLE V 


The Effect of IrUraeetiout Injection of Melhemoffobin on Renal Blood Plono 


Blipsed time 

Urine outpat 

Renal blood tSow 


aiCii. 

ce./min* 

u./mn. 



Dog CK 8, weight 6.1 tg. 


0 

Anesthetized with pentobarbital — renal vein cannula ted 

9 



23 


51.0 

35 


52.8 

41 

0.041 

47.6 

47 


52.1 

52 


52.0 

57 



57-60 

Intravenous infusion of 114 cc. 5.3 per cent 


1 methemoglobin solution 

64 


62.8 

66 1 


62.1 

74 

Too little to measure* 

52.3 

79 1 


49.0 

85 



103 


58.1 

115 


55.2 

157 

Too little to measure* 

27.6 

159 


24.0 

163 


28.8 

165 

Experiment terminated 



Dog CK 9, weight 6 kg. 


0 

Anesthetized 'nith pentobarbital — renal vein 

10 



43 


96 

44 


140 

45 


108 

50 


97 

66 

0.049 

81.6 

86 


125 

93 


96 

96 


99.4 

99 


122 

104 



117-120 

Intravenous infusion of 140 cc. of 4.2 per cent 


methemoglobin solution 

121 

1 

173 
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TABLE V — Conlinucd 


Elapsed time 

Renal blood flow 

Urine output 

min. 

cc.lmin. 

ce./i’in. 

Dog CK 9, weight 6 kg . — Concluded 

122 


162 

127 

QAU 

138 

142 


151 

171 


84.5 

205 


81.3 

256 


62.1 

262 

0.09t 

84 

265 

Experiment terminated 


* Bladder washings contained metliemoglobin. 


t Methemoglobin in urine. 

Histological Findings 



The ludneys of dogs examined 2 hours or more after the onset of hemoglo- 
binuria due to exposure to arsine or following the injection of solutions of 
hemoglobin or methemoglobin were found to contain an eosinophilic granular 
precipitate \vithin the glomerular spaces and the lamina of the tubules. This 
material stained greenish brown with benzidine or alum-hematoxylin as did 
the hemoglobin within the red blood cells. By 11 to 24 hours after exposure to 
arsine or 1^ to 2 hours after the intravenous injection of hemoglobin or methemo- 
globin, masses of granular yellow-brown refractile material and well formed 
casts of similar appearance were found within the loops of Henle, the distal 
convoluted tubules, and collecting tubules (Fig. 1) . In the kidneys of animals 
which showed marked hemoglobinuria, the epithelium of the pro.ximal con- 
voluted tubules contained hyaline eosinophilic droplets which stained greenish 
brown with benzidine or alura-hemato.xylin. This material presumably 
represented hemoglobin or a derivative which had been absorbed by the epi- 
thelial cells from the glomerular filtrate (Fig. 2). Only an occasional necrotic 
cell was seen in tubules plugged with pigment casts (Fig. 3). Some of the 
loops of Henle contained eosinophilic casts that did not stain as did hemoglobin 
but resembled non-hemoglobin protein. A few dilated tubules lined by 
flattened epithelium could be found among the large number of cast-filled 
tubules. 

By 36 to 48 hours after the onset of hemoglobinuria, coagulative necrosis of 
some of the proximal convoluted tubule cells was found in the kidneys of ani- 
mals in which very extensive intravascular hemolysis had occurred or in those 
that had received large amounts of metlremoglobin intravenously. At times 
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only a few cells of a tubule were necrotic while the remainder contained in 
their cytoplasm the eosinophilic droplets described above. Groups of dilated 
tubules lined by flattened cells were usually present. Regeneration of tubular 
epithelium was first seen at 48 hours, appearing as a flattened layer of cells 
surrounding a granular necrotic mass. Intracellular granules containing free 
iron as indicated by tlie Prussian blue reaction were seen rarely at this stage 
but became conspicuous later. The cast material was found to give a positive 
Prussian blue reaction; occasionally this was limited to the periphery of the 
cast. 

Three or 4 days after the onset of hemoglobinuria, the number of casts was 
reduced. Radial zones of tubules containing casts alternating with sectors 
free of casts were often seen (Fig. 4). The tubules of the latter zones frequently 
were dilated. In other instances few casts were found although there were 
alternating sectors of dilated and collapsed tubules. The collapsedi tubules 
were lined by tall cuboidal cells containing hemosiderin. This picture was 
esentially that found in animals examined at later periods except that casts 
became progressively fewer (Fig. 5). 

Histochemical Deierminalion of Kidney Function with Ferrocyanide . — ^The 
modified Gersh ferrocj’anide technique was applied to animals in the groups 
described above. In the first stage when the tubules were filled withcasts 
ferrocyanide was found within aU the glomerular spaces and within the lumina 
of the proximal convoluted tubules, while the distal portions of the tubular 
s)^tem which were filled with casts contained no ferrocyanide. The 'few 
dilated tubules with flattened epithelium which were free of casts contained 
ferrocyanide within their lumina. No staining of tubule cells was seen (Fig. 6). 
This distribution of ferrocyanide — in the glomerular spaces and lumina of only 
the proximal portions of the tubular system — resembled that found in animals 
in which an acute hydronephrosis had been produced by ligation of the ureters 
24 hours before. It is of interest that filtration of fluid through the glomerular 
capillaries continues despite acute obstruction of the tubules or of the ureter. 
In the kidneys of dogs studied 3 to 4 days and thereafter following exposure to 
arsine or injection of hemoglobin, the ferrocyanide was visualized in all of the 
glomerular spaces and in the lumina of the dilated tubules but not in. the col- 
lapsed tubules. The absence of ferrocyanide in these collapsed tubules 
suggested that there was no flow of urine through them although no obstructing 
casts were seen. The large dilated tubules seen in the late stages (dog 16-45, 
Fig. 5) contained ferrocyanide and were presumably the only functioning tubule 
systems. 

Properties and Identification of Pigment of the Casts . — Thick frozen sections 
of imfixed kidney were mounted on glass sh’des without contact with water and 
then kept in a humid chamber to prevent dehydration. The yeUow-brou-n 
casts were teased out by micro dissection. They were jelly-like in consistency; 
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Text-Fig. 6. Spectrophotometric absorption curves of dissolved casts from kidney o 
dog 16-97, examined 4 days after exposure to arsine. Wave length given on abscissa and 

light transmission in terms of 2 logio d (d = log ^ ) on ordinate. By this method of plot- 


ting, the shapes of the curves are independent of the concentration of pigment (19). Curve 
1, absorption spectrum, pH 5.2, acid methemoglobin. Curve 2, absorption spectrum, pH 9.0, 
alkaline methemoglobin. Curve 3, absorption spectrum, following addition of 0.1 per cent 
NaCN to solution at pH 7.7, cyanmetheraoglobin. 


TABLE VI 

Identification of Pigmmt Casts 


Dog No. 

Treatmeat 

Interval post 
exposure 
or injection 

Absoipdon spectrum of 
dissolved cost material 

Qualitative 
test for methe- 
moglobin 



hrs. 



lfr-98- 

Arsine 

15-18 

Oxyhemoglobin 

Positive 

17-4)7 

(( 

20 

Methemoglobin 

— 

17-22 

a 

21 

— 

Poative 

17-23 

it 

23 

— 

Positive 

16-91 


24 

Oxyhemoglobin 

Positive 

16-93 

tt 

48 

— 

Positive 

16-94 

a 

48 

— 

Positive 

16-90 

a 

48 

Methemoglobin and 
o.xyhemoglobin 


16-92 

a 

72 

Methemoglobin 

Positive 

16-97 

a 

96 

Methemoglobin 

Positive 

17-16 

Injection of methemo- 
globin 

2 


Positive 
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TxVBLE Vn 

Correlaticn of Number of Casts, Ilislological Changes in Proximal Convoluted Tubules, and 
Evidences of Impairment of Renal Function 


A. Dogs exposed to arsine 


Dog Xo. 

Diys post 

Pl&sma 

Average No. casts per i 
£c]d 

Renal tubu- 
lar *‘hcino- 
globin’* 

Epitbelium 

necrosis 



UreaN 

Creatinine 

Cortex 

McdolU 

moplets 


15-83 

§ 

ml-tlOO ce. 

36 

mg,il00 cc» 

12 

0 

i 

-f* 

0 

15-38 

1 

26 

— 


20 

+ 

. 0 

15-39 

1 

35 

— 


10 

+ 

0 

15-90 

1 

47 

— 


10 

+ 

0 

15-02 

1 

55 

— 


35 

-f 

0 

15-22 

1 

56 

— 


12 

+ 

0 

1446 

1 

59 

— 


55 

-f 

0 

15-84 

1 

93 

— 

60 

80 

+ 

+ 

14-96 

1 

93 

— 

80 

90 

+ 

+ 

15-13 

1 

105 

— 

12 

65 

+ 

-f 

15-51 

li 

24 

— 

30 

15 

0 

0 

154)1 

li 

42 

— 

2 

30 

-f 

+ 

14-79 

2 

86 

— 

20 

0 

+ 

0 

16-86 

2 

96 

2.2 

90 

10 

+ 

-+- 

16-94 

2 

— 

4.6 

160 

95 

0 

+ 

16-93 

2 

— 

8.9 

90 

200 

0 

4- 

1541 


75 

— 

12 

0 

0 

0 

14-36 

3 

25 

— 

6 

5 

0 

0 

14-54 

3 

31 

— 

0 

2 

0 

0 

15-04 

3 

41 

1.3 

10 

20 

0 

0 

16-92 

3 

123 

— 

150 

140 

+ 

+ 

16-80 

3 

123 

3.3 

25 

35 

0 

+ 

16-97 

4 

91 

— 

50 

50 

0 

+ 

' • 15-98 

4 

132 

— 

50 

10 

0 . 

0 

16-83 

4 

257 

— 

40 

70 

-f 

-p 

17-08 

4 

— 

7.4 

200 

100 

0 

0 


B. Dogs injected with methemoglobin 
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they retained their shape when manipulated gently and could .be cut up into 
discrete segments. Their solubilities in buffer solutions of varying pll were 
determined by dropping the free casts into the buffer solutions or by adding a 
drop of buffer solution to the frozen section and observmg the dissolution of 
the casts under the microscope. The casts observed in the kidneys of animals 
18 hours to 4 days following e.x'posure to arsine or injection of hemoglobin or 
metheraoglpbin were dissolved rapidly by solutions of pH 5,2 or below, or 
7 . 6 or above, while they were dissolved slowly by solutions of pH 6.7 to 7.0. 

The absorption spectra of the solutions of tlie pigment casts were determined 
with a Beckman spectrophotometer. In the specimens obtained from kidneys 
with, large number of casts, the characteristic absorption curves of methemo- 
globin were found (Te.xt-fig. 6). By suitable change of pH the spectrum of add 
or alkaline metliemoglobin was observed, and tlie typical shift to the curve of 
cyanmethenoglobin was seen when NaCN was added. An occasional prepa- 
ration from a kidney in which casts were few in number gave the curve of 
o.xyhemoglobin, probably due to the residual red blood cells in the section. 
Qualitative histochemical tests were made on the casts in silu by e.vposure of 
the frozen sections to vapors of HCN or addition of a drop of NaCN solution 
while the casts were observed through the microscope. In all instances in 
which this was done, the casts developed the characteristic orange-red color of 
cyanmethemoglobin (Table VI). 

Correlation of Number of Casts and Degree of Impairment of Kidney Func- 
tion . — ^The number of casts per unit area in both the corte.N and medulla were 
determined. Within the field used (2.2 sq.mm.) the total number of tubule 
cross-sections was found to average appro.ximately 500 in the corte.N and 400 
in the medulla. The yellow-brown casts only were counted since these were 
assumed to be the ones capable of obstructing the tubules. In Table VII are 
given the data on the kidneys of dogs exposed to arsine and those given intra- 
venous injections of methemoglobin and hemoglobin solutions. The cast count 
is the average of several fields. The data are necessarily approximations but 
they indicate that the degree of impairment of kidney function as measured by 
the elevation of plasma urea and creatinine was greatest in those animals in 
which the casts were most numerous. Conversely, when few casts were found, 
there was little evidence of impairment of kidney function. In four instances 
a moderate degree of renal insufficiency was present with only a small number 
of casts (30 to 40 per field). In these animals, no anatomical basis for the 
impaired renal function was found. 

DISCUSSION 

The experiments reported here indicate that the early impaument of renal 
function observed in dogs after extensive intravascular hemolysis due to arsine 
poisoning or after intravenous injection of solutions of methemoglobin and 
hemoglobin- can in large part be e.xplained by obstruction to flow of urine 
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through the renal tubules. By means of the ferrocyanide histochemical 
method it was demonstrated that filtration through the glomerular capillaries 
was continuing since ferrocyanide was found in the glomerular spaces. Xo 
evidence was found that the tubule cells were sufficiently injured at this stage 
to permit e.Ttensive back diffusion of the glomerular filtrate since staining of 
the tubule cells by ferrocyanide was not seen. On the other hand, in animals 
in which renal injury was produced by mercuric chloride, the tubule cells were 
found to be permeable to ferrocyanide. The absence of ferrocyanide in the 
distal portions of the tubular system in the hemoglobinuric animals can be 
e.Tplamed on the basis of obstruction to flow of urine through the renal tubules. 
By means of micro dissection of nephrons Oliver (20) has also concluded that 
obstruction to the flow of urine through the tubules is the basis for impaired 
renal function in hemoglobinuria and other states in which protein solutions 
of high viscosity are found within the tubule. It must be kept in mind that 
in the dog, impairment of kidney function as the result of hemoglobinemia 
occurs only with high concentrations of plasma pigment. When methemo- 
globin concentrations in the plasma of 1 to 2 gm. per 100 cc. were produced, 
severe progressive renal injury was found only when the urine flow was reduced 
at the time of the injection of methemoglobm. These conditions would ob- 
viously predispose to the development of tubular obstruction because of the 
high concentration of heme pigment in the urine. Under other conditions in 
other species of animals the findings might not be the same. 

Previous workers have suggested that obstruction of the renal tubules is 
the important factor in the renal injury produced by hemoglobin or its deriva- 
tives and have postulated that the obstruction is due to the precipitation of an 
insoluble heme pigment in the tubules; viz., hematin (1). In our studies, the 
casts dissected from the tubules in freshly frozen unfixed sections of kidney 
were found to be composed chiefly of metbemoglobin. Solubility studies of 
the cast material indicated that the casts were soluble in buffer solutions over 
a wide range of H ion concentration, but were least soluble at pH 6.7 to 7.0, 
which is approximately the isoelectric point of hemoglobin and metbemoglobin. 
Obstruction to flow of urine w£is not due to the precipitation of insoluble 
hematin in the lumen of the tubule, but apparently resulted from the viscosity 
of the concentrated solution of hemoglobin or metbemoglobin. If the re- 
sistance to flow of such a solution through the tubules were greater than the 
pressure gradient available for propelling the solution through the renal tubules 
i.e. the blood pressure in the glomerular capillaries plus the forces resulting 
from reabsorption of water in the tubules, cessation of urine flow could be 
explained. Once the tubules are obstructed by this viscous protein solution 
it is unlikely that urine flow can be restored by the administration of water or 
electrolyte solutions. 

The greater degree of depression of renal function produced by injections of 
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metliemoglobiii tlian that resulting from administration of oxyhemoglobin and 
the effect of acidosis in increasing the inj'urious action of raethemoglobin cannot 
be explained on this basis. The increased toxdcity of methemoglobin was 
thought by Corcoran and Page (21) to be due to the more rapid formation of 
hematin from methemoglobin than from oxyhemoglobin and the effects of 
acidosis were considered to be due to the influence of urine pH on the conversion 
of methemoglobin to hematin. Our studies, however, do not show any evidence 
of the formation of detectable amounts of hemochromogen or hematin in the 
lumina of the tubules either after intravascular hemolysis or after the intra- 
venous injection of methemoglobin. The possibility that methemoglobin might 
be filtered more readily through the glomeruli than hemoglobin and thus be 
found in greater concentration in the tubular lumen was considered, but 
comparison of renal clearances of hemoglobin and methemoglobin does not 
show any consistent differences (22). Histological evidence of necrosis of 
renal tubule cells was found in these studies as in many of the earlier reports 
of renal injury due to hemoglobin (4, 5). The ma.ximum degree of necrosis 
was found I 5 to 2 days after the infusion and unquestionably served as an 
additional factor which in combination with the increase in resistance of urinary 
flow due to the viscosity of the tubular contents could account for the persistent 
impairment of renal function seen in these animals. Hemoglobin or methemo- 
globin (these pigments stain alike with the benzidine or alum-hemato.xylin 
method) is found within the cells of tlie pro.ximal convoluted tubules followmg 
their filtration through the glomeruli. Hemoglobin is oxidized to methemo- 
globin in both the plasma and urine, but this o.xidation is more complete in 
the urine particularly when obstruction to urine flow e.xists. Methemoglobin 
may act as an o.xidant and a possible mode of its to.xic action may be the ca- 
talysis of the oxidation of sulfhydryl groups. There is evidence that the renal 
tubular epithelium is extremely susceptible to agents which combine' with or 
oxidize sulfhydryl groups (23). 

Renal ischemia has been considered as a 'possible cause of the depression of 
renal function in conditions associated with hemoglobinuria. A decrease of 
kidney volume has been observed immediately following injection of hemo- 
globin solutions and interpreted as an indication of reduction of renal blood 
flow (7, 8 ). Our direct measurements of renal blood flow have not confirmed 
this interpretation. The reduction of diodrast clearance seen at a later stage 
of renal injury following injection of methemoglobin (18) may be due to the 
presence of many non-functioning nephrons rather than to diminution of total 
renal blood flow. 

SUMMARY 

Severe and persistent impairment of kidney function has been produced in 
dogs by intravascular hemolysis due to arsine, or by the intravenous injection 
of solutions of dog hemoglobin and methemoglobin. 
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The kidneys of these animals have been examined by the usual histological 
methods and also by means of the ferrocyanide histochemical method to 
determine the pathogenesis of the renal injury. These observations indicate 
that obstruction to flow of urine through the renal tubules is an important 
factor in the early reduction of kidney function. The material fillbg the lumina 
of the renal tubules was found to be chiefly methemoglobin in concentrated 
solution of gel-like consistency. No evidence of formation of a pigment 
insoluble at the pH of the urme such as hemochromogen or hematin was found. 
The cessation of urine flow is most readily explained by the increased viscosity 
of the tubule contents. 

The intravenous administration of methemoglobin was found to produce 
more severe renal injury than the injection of equal amounts of o.xyhemoglobin. 
Necrosis of the proximal convoluted tubule cells was present as a late lesion in 
a nimals injected with methemoglobin, large amounts of hemoglobin, or follow- 
ing extensive intravascular hemolysis. Such injury is probably a contributing 
factor in the persistent severe depression of renal function seen in these animals. 
Following disappearance of most of the intratubular pigment, a large number 
of collapsed tubules lined by hemosiderin-filled cells were found. The ferro- 
cyanide histochemical studies indicated that these represented non-fimctioning 
nephrons although no obstructing intratubular material was present. 

Direct measurements in two animals failed to reveal any reduction of renal 
blood flow following the injection of methemoglobin in amounts sufficient to 
produce renal injury. 

BZBUOGRAPHY - 

1. Baker, S. L., and Dodds, E. C., Brit. J. Exp. Path., 1925, 6, 247. 

2. Foy, H., Altmann, A., Barnes, H. D., and Kondi, A., Tr. Roy. Soc. Trop. Med. 

and Hyg., 1943, 36, 197. 

3. Bywaters, E. G. L., and Beall, D., Brit. Med. J., 1941, 1, 427. 

4. Bordley, J., Arch. hit. Med., 1931, 47, 288. 

5. DeGowin, E. L., Warner, E. C., and Randall, W. L., Arch. Int. Med., 1938, 61, 

609. 

6. Ayer, G. D., and Gauld, A. G., Arch. Path., 1942, 33, 513. 

7. Mason, J. B., and Mann, F. G., Am. J. Physiol., 1931, 98, 181. 

8. Hesse, E., and Filatow, A., Z. ges. exp. Med., 1933, 86, 211. 

9. Hamilton, P. B., and Van Slyke, D. D., personal communication. 

10. Evelyn, K. A., and Malloy, H. T., J. Biol. Chan., 1938, 126, 655. 

11. Van Slyke, D. D., and Kugel, V. H., J. Biol. Chem., 1933, 102, 489. 

12. Folin, O., and Wu, H., J. Biol. Chem., 1919, 38, 81. 

13. Gersh, I., and Stieglitz, E. J., Anat. Rec., 1933-34, 58, 349. 

14. Harrison, H. E., and Bunting, H., Proc. Soc. Exp. Biol, and Med., 1946, 63, 120. 

15. Van Slyke, D. D., Hiller, A., and Miller, B. F., Am. J. Physiol., 1935, 113, 611. 

16. Ralph, P. H., Slain Technol, 1941, 16, 105. 

17. Dunn, R. C., and Thompson, E. C., Arch. Path., 1945, 39, 49. 



356 


PATHOGENESIS OF KENAL INTtTRY IN DOG 


18. Bing, R. J., Bull. Johns Hopkins Hosp., 1944, 74, 161. 

19. Heilmeyer, L., Spectrophotometry in Medicine, translated by Jordan, A., and 

Tippell, T. L., London, A. Hilger Ltd., 1943. 

20. Oliver, J., Haney Lectures, 1944-45, 40, 102. 

21. Corcoran, A. C., and Page, I. H., Texas Rep. Biol, and Med., 1945, 3, 528. 

22. Harrison, H. E., and Ordway, N. K., unpublished observations. 

23. Gilman, A., Philips, F. S., Koelle, E., Allen, R. P., and St. John, E., Am. J 

Physiol, 1946, 147, 115. 


EXPLANATION OF PLATES 
PIj\te 32 

Fig. 1. Dog 14-63. Died appro.ximately 24 hours after exposure to arsine. Ex- 
tensive deposition of hemoglobin or its derivatives within the tubules, chiefly distal 
convoluted and. collecting tubules. Iron-alum-hemato.xylin. X 52. 

Fig. 2. Dog 14-79. Died 2 days after exposure to arsine. Plasma urea N 86 mg. 
per 100 cci “Hemoglobin” droplets within epithelium of the pro.ximal convoluted 
tubules. Iron-alum-hematoxylin. X 575. 
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Plate 33 


Fig. 3. Doy. 14-79. Pykiiosis of some of llie cells of ascending limb and distal 
convoluted tubules adjacent to pigment casts within the lumen. Plemato.vylin and 
eosin. X 355. 

Fig. 4. Dog 16-97. E.xamined 4 days after c.vposure to arsine. Blood NPN 91 
mg. per 100 cc. Transverse and longitudinal sections of the kidneys showing the 
radial arrangement of the zones of persistent pigment casts’ in corte.v and medulla. 

Fig. 5. Dog 16-45. Sacrificed 10 days after injection of methemoglobin solution. 
Plasma urea N 139 mg. per 100 cc. Plasma creatinine 6.2 mg. per 100 cc. Irregular 
dilatation of some of the tubules with zones of collapsed tubules. Hemato.xylin and 
eosin. X 100. 













Plate 34 


Fig. 6. Dog 16-63. Sacrificed I clay after injection of metheinoglobin. Plasma 
creatinine 4.6 mg. per 100 cc. Section of kidney prepared by modified Gersh method 
(14). The drawing shows the blue precipitate of ferric fcrrocyanide in Bowman’s 
space and the lumina of the pro.ximal convoluted tubules but not in the distal con- 
voluted tubules that contain pigment casts. The tubular epithelium is not stained. 
The presence of ferrocyanide in the lumen of some of the blood vessels and lymphatics 
is noted. 
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(01i\er et al.: Origin of heparin) 

This pliiie should b( substUuieS jor the origin'll Plate i ^Litk appeared in Vol. '6, Xo,2, Auiusi /, iJ-fT, and sho'^ed 
Jaidty register oj tue colors 




Plate 9 

Figs. 6 to 12. Photographs of li%’ing unstained tumor mast cells taken by phase 
contrast microscopy. Under sucli circumstances tlie diaphragm is full\f open and the 
ma.ximum contrast occurs only at the e.xact focus. Objects out of focus appear with 
diffraction rings (vide lloating e.vtraceiiuiar grannies in Fig. 12). Tiiis means tliat the 
variations in the density of tiie intraceiluiar particulate material are not the result of 
the common optical artifacts produced by cut-down illumination and out of focus 
e.xamination, but that the considerable dilTerences in a[)pearance are optically real. 
X 2860. 

Fig. 6. Living unstained cell of the immature type. The cell has been slightly 
flattened by pressure. The cytoplasm is filled with particulate material presenting 
three optical appearances; densely black discrete granules, similar black granules with 
optically clear centers, and diffusely scattered greyish material in granular form. This 
last is in the same optical plane of focus as the sharply defined black granules. 

Figs. 7 to 1 1. Living mast tumor cells from the same specimen. In these prepara- 
tions the cells were lloating in fluid, so the cytological detail is loss clear because of 
their relatively great thickness. .Vll show ditTusely distributed greyish particulate 
matter among which the dense black granules are scattered in irregular clumps. 

Fig. 12. A living mast cell from a mature tumor. The cytoplasm is crowded almost 
to bursting with dense black granules and there is very little greyish particulate 
matter. 
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Viruses are often adapted to new hosts, but as yet little is known of the 
mechanisms involved in the process. It is commonly assumed, and in many 
cases may be true, that on initial passage in a new host a virus grows poorly 
and few of the numerous particles inoculated survive. The survivors are pre- 
siunably variants, which differ from the rest in having a greater capacity for 
multiplication in the new host. By serial passage these variants are selected 
and fostered, and in the beginning they may have no detectable effect, thus 
giving rise to the term blind passage. Complete adaptation can be assumed to 
be due to the emergence of further variants and their selection, until a strain 
capable of achie^dng a high titer is obtained. These latter .stages may be 
-accompamed by the appearance of pathological lesions or by inability of the 
host to survive. If such is the case it is not necessary to assume that the 
occurrence of lesions is correlated with any other change in the virus except its 
capacity to multiply in host cells. 

The adaptation of influenza virus to the lung of the mouse, reported in this 
paper, may be a special case, but in any event it is an interesting one and 
necessitates some other interpretation of the adaptive process. 

It has been the usual experience that a fresh human strain of influenza virus 
can be readily adapted to mice after a few ferret passages. Five to twenty 
mouse passages enhance the virulence to such a degree that lung suspensions 
will kill in dilutions of 10“* to 10~*. The same strains will cause lung lesions 
in dilutions about two logs bq^ond die lethal end point. In the absence of any 
means of detecting the presence of influenza virus other than by lethal or lung 
consolidating effect, it has not been possible to tell what amounts of virus there 
might be in the mouse lung during the early passages, and it has seemed possible 
that the increased pathogenicity of the virus with pas^ge might be correlated 
with increased capacity to multiply in the lung. 

With the development of the i/i ovo method of titrating influenza virus (1), 
a very delicate means of virus measurement became available which enables the 
investigator to follow' the course of virus growth in the mouse lung during a 
period of adaptation and thus to correlate ability of the virus to multiply with 
changes in mouse virulence. The method is especially suitable, since all the 
evidence points to the fact that the in ovo titer of the virus is quite independent 
of the degree of mouse adaptation. 
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A second aspect of the study reported here was the examination of virus 
strains for change in antigenic pattern in the course of adaptation to the mouse. 
Practically all the descriptions of antigenic differences among influenza A and 
influenza B virus strains consist of comparisons of strains which have been 
repeatedly passed in mice before they have been tested. It has never been 
certain whether or not many of the differences found were present in the original 
organisms or were produced by passage in animals. The work on strain adap- 
tation described below offered the possibility of e.xamining such variation. 

Methods 

Virus Strains. — ^The strains used in the present study were /Via. 41, Kil. 41, N.Y. 43, and 
Sinai 45. The first three are strains of influenza A and the last is a strain of influenza B. Ala- 
41 and Kil. 41 were isolated from patients in /Vlabama during the influenza A epidemic of 
1940-41, N.Y. 43 was obtained in New York City during the epidemic of December, 1943, 
and strain Sinai 45 was isolated from the lung of a patient who died in Mount Sinai Hospital, 
New York City, of acute hemorrhagic tracheobronchitis during the epidemic of influenza B 
in November, 1945.‘ All these strains were initially isolated by inooflation of garglings or 
lung suspension into the amniotic sac of the developing chick embryo (2). 

Mouse Passages. — ^The adaptation of the strains to mice was carried out by the usual 
methods. Suspensions were inoculated intranasally in 0.05 cc. amounts into six mice, which 
were sacrificed in 3 or 4 days. The lungs of the mice were ground in 10 per cent normal horse 
serum broth and passed in series at a 10 per cent concentration. As virulence increased, 
inocula of greater dilution were used. Titration of passage material in mice and in ovo was 
usually done immediately after preparation but sometimes only after storage at — 72®C. 
With passage of strain N.Y. 43, mouse lungs were perfused with buffer before removal. Hem- 
agglutinin titrations were done on perfused lung suspensions, using a pattern technique like 
Salk’s (3). For control purposes similar titrations were done simultaneously on normal mouse 
lung. 

In Ovo Titrations. — The titration of mouse lung suspensions in the allantoic sac of develop- 
ing chick embryos was carried out by methods already described (1). The virus was diluted 
in tenfold steps, and each dilution in the amount of 0.1 cc. per egg was inoculated into six 
eggs. After incubation for 48 hours the eggs were placed in a refrigerator overnight. The 
allantoic fluids were then tested individually for agglutinins, and the 50 per cent egg infective 
titer was calculated in the usual manner (4). 

Titrations in Mice. — For these titrations the virus was diluted in tenfold steps and each 
dilution in 0.05 cc. amounts was inoculated intranasally into six mice. /Vll mice dying in the 
first 10 days were examined for the presence of specific lung lesions; the remainder were sac- 
rificed at the end of 10 days and the extent of their lesions was recorded. The 50 per cent 
mortality end points and the 50 per cent lesion end points were calculated (5), the latter being 
based on the presence of one-plus or greater lung lesions. 

Cross-Tests for Strain Differences. — The mouse passage strains to be tested were grown 
in the allantoic sac of chick embryos, a considerable amount of virus being prepared. Ferrets 
were inoculated with a 10“’ dilution of this material, and the serum obtained 2 weeks later 
was used for cross-tests. Agglutinin inhibition titrations were performed with the aid of a 
densitometer (6), and all cross-tests were made at the same time (7). The results, as here- 
tofore, have been expressed graphically as a ratio of the homologous titer to the heterologous 
titer with any given serum. 

I This specimen was obtained from the pathology service of Mount Sinai Hospital through 
the courtesy of Dr. Klemperer. 
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EXPERIMENT/U, 

Corrdalion of Virus MultipUcaiion with Enhancement of Virulence in the 

Mouse Lung 

InflucEza A strains which have been isolated in chick embryos can be estab- 
lished directly in mice without any difficulty. This has been true of the strains 
of 1940-41 and 1943-44. The first strain selected for study of adaptation was 
Ala. 41, which was isolated by anmiotic inoculation and subsequently went 
through four allantoic passages. The allantoic fluid of the fifth egg passage 
was titrated in ovo and had an infectious titer of 10“^’^. This material was 



Fig. 1 . The adaptation of influenza A strain Aia. 41 to zaice. Curves of titer of egg 
infectivity, mouse lesion titer, and mouse mortality titer of a strain of influenza A virus in 
different stages of the adaptation to the lungs of mice by serial passage. Zero passage in- 
dicates titrations of the allantoic fluid starting material, passage one indicates titrations 
on lungs of the first mouse passage on the 3rd day, etc^ 

inoculated intranasally into sis mice. After 3 days the naice were killed, and 
the lungs were ground and passed in 10 per cent concentration to sk more 
mice, and so on in series. Each mouse lung preparation and the original 
^antoic fluid were titered both in oto and in mice, with results shown graph- 
ically in Fig. 1. In this chart zero passage refers to the titration of the al- 
lantoic fluid starting material, passage one indicates titration results of the 
first mouse passage, etc. 

Athough the initial inoculum was large in terms of egg infectious particles 
Jt did not rause any deaths in mice, and only negligible lung lesions. It was 
very surprising therefore to find that these first passage lungs, most of which 
appeared perfectly normal, contained very large amounts of virus. In terms 
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of egg infectivity, mouse lungs of the first passage contained as much virus as 
did those of subsequent passages when the mouse virulence increased so much 
that dilutions of 10-* and 10-« of mouse lung were able to kill. Tliis level was 
achieved by the sLxth passage, and virulence was maintained without further 
increase through many subsequent generations. The lesion end point was 
fairly consistently two dilutions higher than the mortality end point. While 
tliere were minor irregularities in the in ovo titrations, in general the egg in- 
fective titer remained between 10~^ and 10~* throughout the whole period of 
adaptation and showed no marked tendency to increase with passage. 



Fig. adaptatioa of iaflueoza strain Kil. 41 to mice. The curves are similar to 

those shown in Fig. 1. The virus being tested is from the same epidemic and in its egg- 
isolated form was amilar antigenically to the strain Ala. 41, of Fig. 1. 

Fig. 2 shows the results of a similar effort witli the closely related strain 
Kil. 41 from the same epidemic. With this strain there was some tendency for 
the allantoic titers to increase between the tenth and the thirty-fifth mouse 
passage, but no change took place during the early stages when the mortality 
and lesion titers were rapidly rising. As in the case of strain Ala. 41, there was 
a high titer of virus in the initial lung passage with very little evidence of gross 
lesions. It can also be noted that with neither of these strains was the rise in 
mortality with passage sharply stepwise; it was steady for about five passages 
before levelling off at a lower rate of increase. 

^The results of another passage series with stram N. Y. 43 (type A 1943) are 
shown in Table I. There was no marked difference from the previous results. 
While the mortality titer rose from less than 10® to 10"®-® in four passages, the 
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ill ovo titer remaiued nearly constant for thirty passages. In this series an 
attempt was made to correlate the hemagglutinin titer in the lungs with the 
in ovo titer, and all lungs were perfused before removal from the mouse to 
eliminate murine red cells from the suspension. The hemagglutinin tests were 
done by the pattern method in order to increase the sensitivity, and suspensions 
were tested with both guinea pig and chicken red cells. The results were not 
entirely consistent; but two trends may be noted: (1) The chicken cell agglu- 
tinin titer did not increase with passage, while the guinea pig titer increased 
markedly; and (2) the guinea pi^chicken cell titer ratio of the starting virus 
was 1, but during passage was usually greater than 1 and increased to 128 on 
the twenty-eighth passage. It might be inferred from this that the virus 


TABLE I 

Adaptaiicn of Strain N.Y. 43 to Mice by Serial Passage 


Passage No. 

In 079 Utratioa 

Titiatioa in mice 

Hesugslatiiun titer 

Mortality 

Lesloa 

Chirken cells 

Gnicea. pig celli 

0 

10-»-^ 

10* 

10-0.0 

1:320 

1:320 

1 

10-»‘ 

10-*.* 

10-*.* 

1:10 

1:40 

2 

10-*’ 

10-*.* 

10-*.o 

1:10 

1:40 

3 

10-*-> 

10-*.* 

10-0.0 

1:10 

1:160 

4 

10-<’ 

10-»J 

10-0.0 

1:10 

1:10 

5 




1:10 

l;20 

10 

10-1.0 



1:10 

1:10 

15 

10-*.* 



1:10 

1:160 

20 

10-J.* 



1:10 

1:40 

25 

10-J.» 



1:10 

1:20 

28 

10-*J 



1:10 

1:1280 

30 

10-T.O 



1:20 

1:640 


(originally D form) was becoming with passage more like the 0 form of Burnet 
and Bull (8), although this seems at variance with the contention of these 
authors that the latter multiplies poorly in mice compared with the D form. 

A passage series was also started with the tj'pe B strain Sinai 45. This 
strain, in common with other examples from this epidemic (9), did not adapt 
quickly to the allantoic sac, and even after egg adaptation it could not be 
established in mice. Virus persisted detectably for only one or two passages 
and then disappeared. After passing the egg-isolated strain through three 
ferrets it became jMssible to infect mice regularly in passage series. In the 
ferret the virus was obtainable only from the turbinates. In the initial mouse 
passage no lesions were present (i.e. 10 days after inoculation); after fifteen 
passages, only small and scattered lesions were seen and there were no deaths 
among the animals. Allantoic titrations of passage lungs have shown a max- 
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imum titer of 10~®, but the results have not been consistent, presumably be- 
cause of the poor allantoic adaptation of the strain. This passage series is 
being continued. 

The Development of Strain Differences with Mouse Passage 

Magill and Francis (10, 11) and Smith and Andrewes (12) demonstrated with 
a large number of e.\'amples that influenza A strains, even from patients in the 
same epidemic, often showed marked antigenic differences one from the other. 
Acceptance of these differences for human virus necessitates tlie assumption 
that influenza virus undergoes continual radical changes in antigenic pattern 
with human to human passage or that epidemics arise commonly from multiple 
foci and are due to heterogeneous agents of the same type. There is another 
interpretation of these observations however which seems equally likely, namely 
that the strain variations found did not e.\ist in the original human strains but 
were the result of the adaptation of these strains to mice. This does not seem 
like a remote possibility, since mouse adaptation induces marked behavior 
changes in strains, and it is by no means unlikely that these are accompanied 
by antigenic pattern changes as well.* 

With the advent of the agglutination test, another method became available 
for making strain comparisons, which has been shown to be adequate for de- 
tecting minor antigenic differences. A ree.xamination of the strain difference 
problem with this in vitro method completely confirmed the findings of earlier 
workers when the same (mouse-adapted) strains were compared (7). How- 
ever, when a large number of strains from the 1940-41 epidemic of influenza 
A were cross-tested it was found that viruses isolated directly in chick embryos 
did not differ from one another at all, while two strains isolated in ferrets and 
mice differed from each other and from all the egg-isolated e.xamples. These 
findings also suggested that mouse adaptation might be at the bottom of the 
strain difference problem, and further data from two later epidemics (9) 
has reenforced this view. To furnish a direct test of this possibilitj'', two 
strains (Ala. 41 and Kil. 41) identical in their egg-isolated form have been 
studied. 

Each strain was started from throat washings inoculated into ferrets. SLx 
ferret passages were necessary before they could be carried in mice. Virus 
could be obtained only from ferret turbinates. It was maintained in mice by 
passage at 4-day intervals. After thirty mouse passages of Ala. 41 (Ala. M) 
and twelve of Kil. 41 (Kil. M), antisera were prepared against these strains 
in ferrets, and they were cross-tested with their non-mouse-adapted counter- 
parts (Ala. E and Kil. E). The results of this cross-test are shown graphically 

* Magill and Francis (11) discussed this possibility and tested for antigenic changes in 
PR8 virus between the thirtieth and the two hundred eighty-fifth mouse passage, but found 
none. The necessity of using a mouse-virulent virus for cross-testing did not permit the 
examination of unadapted virus of early passages. 
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Vit>u3 strains 
Alo-E AIq-M Kil.E Kil.H 


Avidity factor* 

12 1 . 0 1.3 0.67 



AlaE AlaK KilE XiLM 



Fig. 3. .\ntigemc comparison between two influenza strains isolated in rh;rlr embryos' 
and tbeir mouse.adapted counterparts; results o£ cross-tests between tbe various strains 
and their ferret antisera by agglutination inhibition. The homologous value is by definirion 
zero; the black bars indicate how much less the titer was with heterologous tli«n with homo- 
logous strains and their height is an indication of the degree of antigenic shift. 

An empiric correction for the avidity factor is given at the top of the figure. This factor 
renders the diSerences found more nearly equal on both sides of a cross-test and is probably 
made necessary by varying states of aggregation in difierent virus suspensons. The complete 
test given in the upper figure is broken down below to facilitate specific comparisons. 
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in Fig. 3. Small corrections have been applied to the results to make them 
more reciprocal. The rationale of these has been previously described (7), 
but the essential results can be demonstrated without this factor. As may be 
seen from Fig. 3 the sera prepared from strains Ala. E and Ala. M inhibit the 
agglutination of the heterologous strains only one-fourth as well as that of the 
homologous strains. This result is highly significant of a true strain difference as 
measiued by this method. The mouse strain Kil. M had had only twelve 
passages in mice and differed from strain Kil. E by less than twofold, just 
on the borderline of significance. Both strains in the egg-adapted form 
(Ala. E and Kil. E) are identical within the limits of this test, but the mouse- 
passage derivatives of these two strains differ from each other to a greater 
degree than either one differs from its egg-passage antecedent. Examination 
of these strains at other stages of mouse adaptation gave confirmatory results. 

Thus the in vitro type of cross-test showed that two strains of influenza virus 
shifted in antigenic pattern with mouse passage. The strains in their egg- 
isolated form were identical, and with mouse passage they not only deviated 
from their original pattern but deviated from each other. 

DISCUSSION 

The results of experiments with mouse lungs which had been inoculated with 
egg-adapted influenza A virus make it clear that a full-blown influenza in- 
fection with maximum virus multiplication may occur in the mouse without 
any gross evidence of a pathological process. In this case the enhancement of 
virus virulence witli passage is not due to an increasing ability of the agent to 
grow in the lung. Rather, the egg-adapted type of virus seems to be gradually 
replaced by an entity possessing the same growth potentialities but new and 
different pathogenic qualities. The patliogenic virus, in order to predomi- 
nate, must have a more rapid growth rate than its innocuous predecessors. 
Preliminary experiments have indicated that both forms reach the same max- 
imum titer in the lung, but the patliogenic strain reaches the maximum a little 
faster. The way in which tlie mortality titer rises, slowly and steadily for 
four or five passages, is also consistent with the gradual predominance of a 
pathogen which grows at a slightly faster rate. The regularity with which 
mouse virulence is attained with egg-passage strains suggests that the lethal 
strain may be produced with a fairly high frequency and consistency. The 
sharp initial rise in virulence levels off at 10“* to 10“®, and subsequent in- 
creases, possibly due to other variants, are less predictable. 

Just how comparable results of serial passage of influenza B virus may be 
cannot be stated at present since in forty passages of this virus no appreciable 
enhancement of virulence has occurred, and the relatively poor adaptation to 
the allantois makes the significance of the titrations less certain. 

While the behavior of red cell agglutinins in passage mouse lungs was notable 
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for its extreme variability, there was nevertheless a tendency toward the de- 
velopment of guinea pig cell agglutinins and not chicken cell agglutinins. This 
finding and those of Burnet and Bull (8) on freshly isolated human strains 
suggest that mammalian cells may have some characteristics in common in 
respect to agglutinabilitj' by certain forms of influenza virus. Maintenance of 
the virus in man (or in the mouse) fosters the development of the mammalian 
type of virus agglutinin, while with chick embryo growth the avian agglutinin 
is veiy rapidly developed without, however, any loss of affinity for mammalian 
cells. This can be described as only a tendency, since there are numerous 
e.xamples of laboratory strains which have been carried in mammals only but 
which possess high chicken cell agglutinins. 

The change in antigenic pattern on passage of a strain through mice is of 
interest mainly in that it removes a good deal of the foundation on which the 
knowledge of antigenic differences began.' We now have evidence that with 
mouse passage two similar strains will not only change from their original 
pattern but will deviate from each other. This source of error has in no sense 
been eliminated from the original, and much of the later, work on this subject. 
Further evidence will be given in the succeeding paper on the homogeneity of 
strains in various epidemics, and the implications of these findings will be 
developed in the light of more complete evidence. As has been stressed earlier 
the occurrence of antigenic differences with mouse passage is by no means im- 
e.vpected, and the fact that the shift in antigenic pattern does not follow a 
definite direction but diverges in different series is also in line with what might ^ 
be expected from the selection of chance variants. The degree of antigenic 
difference produced was of the same order of magnitude as that found by 
Alagill and Francis (11) but is definitely less than that described by Smith and 
Andrewes (12). Why the English workers found such large variations is not 
clear; antigenic discrepancies of similar magnitude have never been found in the 
United States. It should be emphasized that the description of antigenic 
shifts by animal passage does not rule out the occurrence of differences in 
human strains but merely requires added proof of such differences, which at 
the present time is not suffident where strains from a single epidemic are 
concerned. 


STOTUARY 

1. IVhen strains of influenza .A. virus which have been isolated in chick 
embryos are introduced into the mouse lung, the virus multiplies readily and 
achieves initially a titer which is as high as is ever obtained, even after re- 
peated passage. The high initial titer of virus may be unaccompanied by any 
lethal or visible pathogenic effects; but with four or five mouse passages the 
agent becomes lethal in high titer and causes extensive pulmonary consoli- 
dation, though its capadty to mulUply in the lung has not increased. In one 
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example the adaptation to mouse lung was accompanied by increasing capacity 
to agglutinate guinea pig red cells without a corresponding increase in ag- 
glutinating power for chicken cells. Influenza B virus, in preliminary tests, 
did not behave in a similar fashion. 

2. The adaptation of influenza A virus to mice is accompanied by changes in 
antigenic pattern, as detected by cross-tests with the agglutination inhibition 
method. Two strains, initially similar, with passage, changed in pattern along 
divergent paths so that they became not only unlike the parent strains but un- 
like each other. This finding has important implications for the interpretation 
of the strain difference problem in human influenza. 
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In the course of numerous field studies of infiuenza made in the past few 
years, a considerable amount of information has been accumulated on the 
behavior of virus strains isolated at different times. This information is 
of some immediate practical value, since much of it concerns difficulties en- 
countered in virus isolation, which are important in making a laboratory 
diagnosis. The observations cover the characteristics of influenza A strains 
isolated during the outbreaks of 1940-41 and 1943-44 and of influenza B virus 
isolated in 1945-46. A number of the strains were tested for antigenic differ- 
ences, the results of which may have some bearing on the selection of 
viruses for human vaccination. 

Materials and Methods 

Virus Strains . — Four straias of influenza A virus were used. Strain 1741 was obtained 
from Dr. E. R. Rickard, then at iliimeapolis, Minnesota, and is herein referred to as the 
Minn. 43 strain. Strain ICE49 was obtained from Dr. W. H. Hale and is referred to as the 
Iowa 43 strain. The Martin strain of influenza A virus was obtained from Dr. J. E. Salk and 
is called the 43 strain. The Olson strain, recdved from Dr. M. D. Eaton, will be referred 
to as the Calif. 43 strain. .411 of these strams were isolated during the outbreak of influenza A 
occurring between mid-November, 1943, and February, 1944. They are named for the states 
in which they were isolated. All were initially isolated in chick embryos, and none harl any 
passages in other animals. All other strains examined were isolated in this laboratory 
except strain Mid-Pac. which will be referred to later. 

Throat Washings . — Specimens for virus isolation were obtained by having influenza patients 
gargle with 15 cc. of a 5 per cent normal horse serum in phosphate buffer. The washi^ were 
all taken during the acute stage of clinically typical epidemic influenza, usually while the 
patient was still febrile and within 4 days or less of the onset. Unless the washings were tested 
immediately they were stored on dry ice. 

Detection of Virus in Throat Washings . — For attempts at virus isolation in chick embryos, 
throat washings were mixed with penicillin (165 units per cc.). For the amniotic method 
03 cc. of washing was inoculated into the sacs of 13-day-old chick embryos by a modification 
of the method described by Burnet (1). The eggs were incubated for 4 days at and the 
amniotic fluid was tested for chicken and guinea pig red cell agglutinins by the pattern method. 
Where repeated passages were performed by the amniotic route the lungs and tracheas of 
embryos were removed and ground in amniotic fluid for pa^ge. 

Virus isolations by the allantoic route were performed by the inoculation of 0.2 cc. of throat 
washing-penidllin mixtures into the sacs of 11-day-old chick embryos, followed by 2 or 3 days! 
incubation at 35°C. Tests for hemagglutinins were carried out by the pattern method. 
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Tests for virus were carried out in ferrets by inoculating these animals intranasally under 
light ether anesthesia with 1 cc. of untreated throat washing. Daily teroperatures were taken, 
and sera obtained 2 weeks after inoculation were tested for antibody by the agglutination 
inhibition method (3). 

Strain Difference Tests— Ciosa inhibition tests for stram differences were carried out by the 
methods previously used (4). y\ntiscra were obtained by infecting ferrets with a 10“* dilution 
of allantoic fluid, and sera were taken 2 weeks later. Simultancom titrations of all immune 
sera against 4 agglutinating units of all the viruses were carried out by the agglutination 
inhibition tests using a photoelectric densitometer (3). 

EXPERIMENTAL 

Titration of Injluaiza Virus in Throat Washings by Several Methods 

Although delicate methods of detecting influenza virus have been available 
for years, very little has been done to determine what concentrations of virus 
may be expected in the secretions of influenza patients. The frequent absence 
of detectable amounts of virus in throat washings of serologically proven cases 
of influenza has led to the assumption that the concentration is probably 
low. The development of new methods of virus detection in chick embryos 
provided a good means of investigating this problem. 

The discovery by Rickard ct al. (5) of the feasibility of inoculating the embryo 
by the allantoic route for primary virus isolation has led to the wide use of 
this method. The amniotic method of inoculation, which was developed 
earlier, has been used very little in the United States. While work at this 
laboratory has shown that with a group of throat washings the amniotic method 
gives a much greater number of positive isolations than the allantoic method 
(2), nothing so far has shown w'hat the actual difference in sensitivity of virus 
detection might be. 

Of forty-five throat washings from persons ill of influenza A in tire 1943-44 
epidemic, eight specimens yielded virus on inoculation into chick embryos by 
the allantoic route. These washings presumably had the highest virus titers 
and were investigated further. Two washings were found by amniotic titration 
to contain very high concentrations of virus, and these were tested by two other 
methods. 

From one of these two washings (973), virus was obtained by amniotic 
inoculation even in a dilution of 10“® of the garghngs (Table I). This result 
was confirmed by repetition and by subinociJation of the first-passage positive 
embryos. With the same washing, positive serological results were obtained 
with ferrets that had been inoculated with a throat-washing dilution of 10“®. 
But titration of washing 973 in chick embryos by the allantoic route gave 
positive results oiJy through a 10~* dilution. A second throat washing (1004) 
was lower in titer but showed the same differences by the three methods of 
titration. Two other washings were titrated in tlie chick embryo amniotic sac 
with positive results in dilutions of 10“’ and 10“*. It should be emphasized 
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that these high levels are exceptional and as a group made up less than 10 per 
cent of the total. The results confirm what was inferred from previous ex- 
perience, that the amniotic method is definitely the most sensitive for the 
detection of virus. Ferret titration is a little less sensitive wMle, with the 
1943 material, isolation by allantoic inoculation required of the order of 10,000 
times more virus than isolation by the amniotic technique. It should be 
mentioned in connection with later comparisons with influenza B that these 
washings had been stored for 12 months on dry ice before being finally tested. 


T.\BLE I 

Comparatixe Titers of Virus in Thoal Washings by Three Different Methods 


BQatioa of 
tbioat wuhiag 

Throat waahiiig 973 {1943-A) 

Throat waging 1004 (19i3-A) 

Allintoic sac 

Amniotic sac 

Fcrret'immose 

response 

Allantoic sac 

Amnlotie sac 

Ferret-immase 

response 

10» 

6/6 

4/5 

1:256 

4/4 

— 


10-1 

2/4 

3/3 



1/6 

— 

1:700 

10-1 

2/4 

3/3 

— 

0/6 

— 

1:1024 

10-» 


5/5 

1:475 

— 

4/4 

1:350 

10-* 


— 

1:525 


4/6 

1:300 

10-1 


— 

1:300 


1/5 

1:32 

10-1 


3/6 

1:32 


0/5 

— 

10-» 


0/4 

— 





In the chick embryo tests the numerator indicates the number of fluids showing positive 
chick cdl agglutinins and the denominator the number of inoculated embryos that survived 
the incubation period. The titers given under the ferret test indicate the agglutination 
inhibition titer of serum taken 2 weeks after inoculation for 4 units of the PR8 strain. In- 
hibition titers of 1 :32 are within normal inhibitory levels. 


Isolciwii of Virus by the Amniotic Route 

Of forty-five throat washings obtained in the influenza A epidemic in 1943-44, 
74 per cent were found to contain virus when tested by the amniotic technique. 
However, in the influenza B epidemic of 1945—16, eighty-two throat washings 
were examined, of which only twenty-five (30 per cent) yielded virus. While 
it is conceivable that some of this difference may have been the result of varia- 
tion in case sampling, this is unlikely since almost aU of the later washings were 
from serologically positive cases. Other evidence makes it seem likely that 
the difference was due to the nature of the strains concerned. 

In the influenza A epidemics it was unusual to obtain positive results from 
serial amniotic passage when the initial passage was negative, while in the 
influenza B epidemic 44 per cent of the strains isolated were first detected only 
on second passage, indicating that B virus took longer for detectable growth 
in the amniotic sac. A similar result was obtamed by Burnet, Stone, and 
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Anderson (6), who state that with influenza B virus a 5-day incubation period 
gave better results than a 4-day one. 

Attempts to isolate influenza B virus in dilutions of throat washings beyond 
10° and all attempts to culture the virus initially Ln the allantoic sac com- 
pletely failed. 


Delect ion of Virus in Ferrets 

In influenza A epidemics the ferret has been successfully used for the detection 
of virus in numerous instances, but in our experience influenza B throat wash- 
ings (1945-"i6) consistently failed to elicit any serological response in this 
animal. Eleven throat washings, proved by amniotic isolation to contain 
influenza B virus, gave completely negative results in the ferret. Only a 
suspension of lung tissue from a patient dying of hemorrhagic tracheobronchitis 
(strain Sinai 45) consbtently infected these animals. However influenza B 
virus isolated in the egg and then administered to ferrets produced a good 
serological response and sometimes a febrile reaction; and the infection could 
be readily passed by the use of turbinate, but not lung, suspension. 

Stability of Strains m Freezing and Storage 

In general, strains of influenza A virus are quite stable on prolonged storage 
at low temperature. In this laboratory Influenza virus has been isolated 
from throat washmgs and stored for 5 years in cellulose nitrate tubes at — 72°C. 
The influenza B strains, on the other hand, are apparently very sensitive to 
freezing and storing at low temperatures. It was observed that if throat 
washings containing B virus were inoculated into eggs before freezing better 
results were obtained than if they were first frozen. SLx washings were tested 
for virus before and after freezing, and the results recorded in Table II show 
that aU washings became negative for virus after 4 months or less of storage 
at — 72°C. Tests were undertaken with egg-passage B virus stored under 
similar conditions and tested after several intervals. Table HI shows the 
marked loss of titer with storage under these conditions. The same strain 
stored in sealed glass ampules did not lose titer over an even longer period, 
so that it seemed possible that the inactivation was due to diffusion of CO 2 
through the cellulose nitrate storage tubes. A comparison of the pH stability 
of this strain of E virus and the Lee strain showed no difference however. It 
seems reasonably clear that the B strains of 1945-46 were especially susceptible 
to deterioration with freezing and storage at low temperature. 

From what has been presented so far in relation to the isolation of influenza 
B virus from throat washings, the conclusion would be justified that the dif- 
ficulties encountered were due essentially to the low titer of virus in the gur- 
glings. However, in other respects these strains were so peculiar that it is 
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felt that the difficulty was more probably one of adaptation of the agent to 
various media. 


TABLE n 

•holaiion of Influenza B Virue before Freezing and after Freezing and Storage ai Loio 

Temperature 


‘Xluoat 

Before fleesina 

Frosea ocd stored 1 

Froxezx and stored 4 aos* 

waOiing 

1st passage 

2ixd passage 

1st passage 

1 2cd passage 



1 

•3/3 


tO/5 

•1/5 

to/5 

JO/4 

2 

1 *3/4 

— 


•4/4 

tO/3 

tO/4 

3 

•3/4 

— 


tO/5 

— 

— 

4 

•2/6 

— 


tO/5 

— 

— 

5 




— 

JO/4 

JO/3 

6 

■■ 

•5/5 

■■ 

— 

JO/5 

JO/3 


* Successful isolation, 
t Negative isolation attempt 
— , no test 

Numerator = number of positive (hemagglutinin) embryos. 
Denomimtor = total number of surviving embryos tested. 


TABLE m 

AUantoic Titrations on a Strain of Egg Passage Influenza B Virus (Strain Sinai 4S) before and 
after Storage ai Losa Temperature 


Dilation of 
oUontdc floid 

Before freezing 

Stored in losteioid tabes at - 

-12’C. for 

Stored in sealed 
gloss for 60 days 



3 days 

7 days 

H days 

100 






10-1 






10-» 


5/6 

5/6 

1/6 


io-» 


5/5 

3/6 

0/6 


10-* 

6/6 

4/4 

1/6 

0/6 

6/6 

10-5 

4/5 

2/4 

0/6 


4/4 

lO-* 

3/6 

2/4 



4/4 

10-’ 

2/6 

2/4 



1/4 

10-5 

0/5 




0/4 


Numerators indicate the number of embryos with allantoic fluid yielding positive tests for 
hemagglutinin, and denominators the number of embryos inoculated that survived the 
incubation period. 


Adaptation of Viruses to the Allantoic Sac 

When influenza A strains, isolated in the amniotic sac, are subsequently 
titrated in both the allantoic and amniotic sac it is common for the two titra- 
tions to have similar end points, as shown in Table W. In this laboratory 
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all A strains tested have adapted rapidly to the allantoic sac in the first pas- 
sage, even the 0 form described by Burnet and Bull (7), The B strains of 
1945, when detected in amniotic fluids were almost always present in high 
titer (1:500 or more), as tested by the pattern method. In spite of this, sub- 
culture of such fluids in the allantoic sac was difficult and adaptation was very 
slow. Titrations of successive allantoic passages of strain Sinai 45 gave ir- 


T.VBLE IV 


Comparalke Amniotic and Allantoic Titrations of an Injluenza A and an Influenza B Virus 
Strain on Primary Isolation and after Passage in Chick Embryos by the Allantoic Route 


StraiQ 1001 (1943-A) 


Strain Sinai {1945-B) 


Dilution of 
inoculum 

Titration of 
throat waahins 

Passage t 

Titration of 
lung suspension 

1 

Passage No. 

6 

10 


Amni- 

Allan- 

rVmni- 

Allan- 

iVmni- 

Allan- 



Elis 

lEHS 

Amni- 

Allan 


otic 

toic 

otic 

toic 

otic 

toic 

otic 

toic 

otic 

toic 

otic 

toic 

10“ 


4/4 











10-1 


1/6 



2/3* 

0/5 




4/4 



10-“ 





0/5 



5/6 


4/4 



10-’ 

4/4 







4/6 


3/4 



10-1 

4/d 







0/6 


2/4 


3/5 

10-« 

1/6* 


4/4 

6/6 




1/6 



4/5 

3/5 

10-“ 

0/5 


4/5 

3/6 



2/5 

0/6 

3/4 


5/5 

0/6 

10-’ 



4/5 

1/6 



0/6 


5/5 


5/6 


10-» 











2/4 


Approximate 













amniotic 













allantoic 













titer ratio. . . 

10,000 

10 

— 


1000 

1000 

1000 


Strain 1004 was obtained from throat washings and strain Sinai from a human lung. 

* Indicates the amniotic fluids used for second passage, and titration; thereafter allantoic 
fluid was used for passage. 


regular and spotty results, wdth unpredictable ups and downs, and a large 
number of passages was required to bring about full allantoic adaptation. 

This was further shown by the simultaneous titration of different allantoic 
passages of strain Sinai 45 in both the amniotic and allantoic sacs (Table IV). 
With A strains, as previously noted, The amniotic/allantoic titer ratio of 
10,000/1 on initial isolation rapidly changed to lO/l on titration of first passage 
material, while with B strains the ratio persisted in the neighborhood of 1,000/1 
for ten passages. One influenza B strain (Mid-Pac.) was not fully adapted to 
the allantoic sac after forty passages. Allantoic fluids yielded hemagglutinin 
titers (pattern method) of 1:8, while amniotic subinoculation at the same 
passage level yielded amniotic fluids with titers of 1:500 and over. 
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Attempts to adapt egg-passage strains of influenza A and B virus to mice are 
described in another paper (8). It is suSicient to point out here that A strains 
in general adapt readily, while the B strains of 1945-46 could not be maintained 
in mice without prior ferret passage. And even after such treatment the B 
strains did not increase much in virulence after many mouse passages. 

holaiion of 0 Forms of Virus from Throat Washings 

Burnet and Bull have described what they refer to as the O (original) form 
of influenza virus, encountered on initial isolation in the chick embryo by the 
amniotic route (7). The 0 form is notable primarily for its high capacity 
for agglutinating guinea pig cells, with a much lower agglutinin titer for chicken 
cells. This type of virus disappears promptly on further passage in chick 
embryos unless special precautions are taken to preserve it. It is also charac- 
terized by good adaptation to growth in the amniotic sac and poor growth 
in the allantoic sac. Mice were found to be relatively insusceptible to infection 
with the O form of virus. Most of the work reported has been in connection 
with influenza A strains, but in a special study by Burnet ei al. (9) the form 
was described in a strain of influenza B virus. 

Many of the A strains isolated from the 1940-41 and 1943-44 epidemics 
showed O characteristics on initial isolation. Numerous attempts were made to 
maintain some of these strains in the 0 form by passage via the amniotic route 
m limiting dilutions. All of the techniques described by Brunet ei al. (9) for 
maintenance of 0 strains were carefully followed. Each passage was carried 
out in a series of dilutions, Irmg and trachea were dissected out and tested 
for chick cell and guinea pig cell agglutinins, and only material showing a high 
guinea pig/chick cell titer ratio was passed. Before passage the chicken cell 
agglutinins were adsorbed out with chicken cells, and incubation was restricted 
to 2 or 3 days. In spite of all these precautions it was not found possible to 
maintain the 0 form through more than one or two passages without complete 
reversion to the D (derivative) form. Even in those instances in which the 
0 form was briefly maintained it occurred in only a few embryos out of many 
and then not always in the dilutions near the end point. The results were 
further obscmed by the tendency of O forms to agglutinate chicken cells in 
such a manner that the end points were long drawn out, with many consecutive 
dilutions showing a low grade of pattern formation. This made it difficult 
to assign reproducible chicken cell titers to a suspension. 

Of the tw'enty-five influenza B strains isolated from the 1945-46 epidemic not 
one showed the slightest tendency toward the high guinea pig/chicken cell titer 
ratio on initial passage which is characteristic of the 0 form. In spite of 
the absence of this evidence of the 0 form, these strains had a imiformly high 
degree of adaptation to growth in the amniotic sac, poor adaptation to the 
allantoic cavitj-, and low infectivity for mice. These characteristics have 
all been described by Burnet and Bull (7) as corollaries of the O phenomenon. 
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and yet they exist in recently isolated B strains without the primar>' requisite 
of the 0 form, namely a high guinea pig/chicken cell titer ratio.* 

It is frequently diflicult to type freshly isolated strains of influenza virus 
because of the high degree to which their agglutination is inhibited by normal 


TiVBLE V 


Summary of the Differences in Behavior of Influenza Virus Strains from Two Epidemics of 
Influenza A and One of Influenza B 


Influenza A 
194(W1 
1943-44 


Influenza B 
194S-14 


Per cent of throat vfashings 
yielding virus after amni- 
otic inoculation 

Per cent of washings yielding 
virus after allantoic in- 
oculation 

Ferret-immune response as 
indication of presence of 
virus in throat washing 

Adaptation of virus to the 
amniotic sac 

Value of repeated amniotic 
passage for initial isolation 
of virus 

Adaptation of virus to growth 
in allantoic sac 


74 

11 

Not quite as satisfactory as 
amniotic method 

Very rapid 

Little value, most strains take 
on first passage or not at all 

Very rapid, maximal adapta- 
tion on initial passage 


In ovo amniotic/allantoic 
titer ratios of passage 
strains 

Mouse adaptation of egg 
passage virus 

O forms, guinea pig/chicken 
cell agglutinin titer ratio 

Stability at — 72°C. 

Strain differences after em- 
bryo isolation 


Usually 1/1 or 10/1 

Easy, rapid. Maximum titer 
of virus occurs on initial 
passage 

O form fairly common on 
initial passage 

Very stable 

None between strains of same 
year and very slight be- 
tween the two outbreaks 


31 


0 

Gave no positive results, 
except with human lung 
material 
Very rapid 

44 per cent of strains isolated 
were first detectable only 
after two passages 
Slow, poor, and difficult. 
Titrations irregular and 
titer often poor even after 
repeated allantoic passages 
Often 1000/1 even after 
repeated allantoic passage 

Difficult, and detectable virus 
disappears after one or two 
passages 
No O forms seen 

Rapid loss of titer 
No strain differences found 


serum. This finding was equally true of both influenza A and B virus. After 
repeated passage in the allantoic sac this high non-specific inhibition tends to 
disappear. 

^ Burnet el at. (6), investigating an epidemic of influenza B (1945) in .Australia, also failed 
to find O forms. 
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Some of the differences in behavior of influenza A and B strains are sum- 
marized in Table V. 

Study of Strain Differences by Agglutination Inhibition 

Ever since the original descriptions of differences among strains of influenza 
Ajvirus (10-12) these antigenic variations have loomed as a potentially im- 
portant factor in the epidemiology of influenza, in the natural resistance of 
populations to infections, and in resistance induced by vaccination. 

Differences have been described as occurring among strams isolated in the 
same epidemic. In some instances the differences were great though they 
defied any very detailed classification into antigenic types. This early work 
was done with cross-protection tests in mice. More recently it has been demon- 
strated (4) that the antigenic differences among many of these early strains 
could be confirmed by cross-tests using the in vitro agglutination inhibition 
technique. After showing that the ht vitro test was capable of demonstrating 
antigenic differences, it was found that strains isolated by the amniotic method 
from the same epidemic (1940-41) showed no detectable antigenic differences 
even when taken from widely separated points in the epidemic. On the other 
hand two strains isolated in ferrets and passed in mice did show definite anti- 
genic differences from each other and from the embryo-isolated strains. This 
suggested that the strain differences first described in 1935 might be the result 
of ferret and mouse adaptation, a possibility which has actually been shown to 
occur (8). It therefore seemed profitable to study further the occurrence of 
strain differences by the in vitro technique. 

The performance of cross-tests by the in vitro method is simple, and the 
results for each serum are e.^re5sed as a ratio of the homologous over the 
heterologous titer. An empiric correction is applied to the results. This 
has been fully discussed previously (4) and it is sufficient to emphasize that 
it serves mainly to render differences between strains reciprocal and to eliminate 
the paradox of sera which give higher than homologous titers with heterologous 
strams. The limit of error of the test is about one-half of a twofold difference 
on a logarithmic scale. 

In the first cross-test performed six strains of influenza B were compared. 

The strains include the Lee strain (13) isolated in 1940 in ferrets and mice and five strains 
isolated during 1945 from widely separated geographic areas. .4n influenra B epidemic 
occurred in the Territory of Haw^ during the months of June and July, 1945, during which 
time roughly 10 per cent of the population was affected. A strain Cnv'39) was isolated from a 
soldier on Oahu during June, 1945, by members of the virus section of the 18 th General Medical 
Laboratory (14). It was isolated in chick embryos by the amniotic route and was carried 
through thir^’-five passages in the allantoic sac before it was received at this laboratory. 
Even after this treatment the strain did not show consistently good growth on further allan- 
toic passage. It is referred to here as strain Mid-;Pac. Strams NH 1 and 2 were isolated 
from student miUtary personnel stationed at Yale during December, 1945, also by the anmiotic 
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route. Strain Cox was obtained from a patient at the Ncav York Boys Vocational School, 
in November, 1945, and strain Sinai 45 was obtained from the lung of a patient who died of 
hemorrhagic tracheobronchitis at Mt. Sinai Hospital, New York City, also during November, 
1945. All of the 1945 strains were p.asscd from eight to forty times in the allantoic sac before 
use. The hemagglutinin titers of two strains (NH 2 and Mid-Pac.) were so low in allantoic 
fluid that they could not be used for the test, and it was necessary to grow the strains in the 
amniotic sac to obtain higher titer material. 

The serum titers and the results of the cross-tests are shown in Fig. 1. These 
are very clear cut and show that none of the 1945 B strains studied differed 
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Fig. 1. Cross-tests between strains of influenza B virus. The results of agglutination 
inhibition tests between various strains of influenza B virus and their respective ferret antisera 
are expressed for a given serum in terms of the ratio of homologous over heterologous titers. 
The height of the black bars indicates the degree of difference between strains. 

Corrections for avidity factor are included at the top of the figure. This renders the str^ 
differences more nearly reciprocal and may be made necessary by varying degrees of aggrega- 
tion in virus suspensions. All of the strains were isolated in 1945 except Lee, which was ob- 
tained in 1940. 

significantly from any of the others, not even the !Mid-Pac. strain, which came 
from a case occurring 6 months earlier tlian the others. All the 1945 strains 
show distinct, and within the error of the method, equal differences from the 
mouse-adapted Lee strain. The corrections applied were small and affected 
mainly tlie distribution of differences with the Lee strain. This test with in- 
fluenza B virus confirms the result previously obtained with influenza A strains 
of 1940-41 in that there appears to be very little strain variation evident in 
virus from widely separated sources. 
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In Fig. 2 aie shown the results of a similar test with strains from four dif- 
ferent states, obtained during the influenza A epidemic of 1943-44. 'While 
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Fig. 2. Cross-tests between influenza A strains of 1943-44. The strains tested^eie aD 
obtained from the influenza epidemic of 1943-44 and were isolated initially in chick embryos. 
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Rg. 3.^ Cross-tests of influenza virus strains from two epidemics. A comparison of 
strains of influenza A virus isolated in the epidemics of 1940-41 and 1943-44. 


the corrections are large, no essential or significant differences were found 
between strains obt^ed from these four areas. All were egg-isolated strains 
primarily obtained in the allantoic sac. ’ 
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A cross-test was also performed between A strains of 1940-41 and of 1943-44, 
the latter includmg two strains shown in Fig. 2 and an additional one from 
New York (Fig. 3). The 1940—11 strains were both obtained from different 
places in Alabama. The similarity of strains isolated in the same year is 
striking, while there seems to be some slight change in antigenic pattern between 
the 2 years. This latter antigenic difference is small and in many crosses it 
is not significant in degree, but it is so consistently present in all the 1940-41 
vs. 1943-4^1 cross-tests that it probably represents a small but real change. 

DISCUSSION 

The work here described further underlmes the advantages of chick embryos 
over ferrets for isolation of influenza virus even from the standpoint of sensi- 
tivity in virus detection. More marked, however, is the demonstration of 
tire advantage of inoculation by the amniotic route over allantoic inoculation, 
especially in the case of influenza B virus, which in this laboratory was success- 
fully isolated only by the amniotic route. Success of virus isolation is height- 
ened when washings are directly inoculated into eggs shortly after they are 
obtained. If freezing is necessary, it seems better that washings be stored 
in glass ampules rather than in lusteroid tubes. The difficulty of maintainmg 
some B strains in the allantoic sac is evident, and material for serological 
work can sometimes be more advantageously obtained by amniotic passage. 

From the epidemiological standpoint the occasional occurrence of influenza 
patients with e.xceptionally high virus titers in their throat secretions is of 
interest. While tire e.xact dilution of the throat secretions in the gargling 
mixture is unknown, a tenfold dilution would be a rough estimate. This would 
place the minimum number of infectious particles in throat secretions in one 
instance in the neighborhood of 10^-® per cc. It may well be that individuals 
with such concentrations of virus may be tlie ones mainly responsible for 
disseminating the disease. It is also possible that the occurrence of such 
high levels is more common than is indicated and that the peak level is main- 
tained for only a short time. 

The 0 phenomenon described by Burnet and Bull (7) has been confirmed in 
regard to its occurrence on initial isolation, but it has not been found possible 
to maintain this form on passage. Strains may differ in their tendency to 
shift to the D form, and it may be that those with a strong tendency to do 
so cannot be maintained in the O state. At present the importance of the 0 
phenomenon seems somewhat obscure. The 0-D shift apparently does not 
represent a loss of any potentialities but mainly a gain in chicken cell hema- 
glutinins. The difficulty of maintaining the virus in the O form hampers 
detailed study very greatly. 

At the risk of some repetition it might be well here to restate the present 
position in regard to strain differences within the influenza A and B groups; 
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(1) Antigenic differences have been found between strams of the A, B, and 
swine types of mfluenza vbais; in some instances the differences have been 
trivial but in others large, even between strains occurring in the same epidemic. 

(2) In every instance in which differences have been described they have 
occurred in strains which have been adapted to mice, (The cross-tests have 
been carried out by cross-neutralkation in mice.) (3) These differences have 
been confirmed by cross-tests by the agglutination inhibition method, showing 
this test to be capable of detecting small changes in antigenic pattern. (4) 
With the use of this in vilro technique of comparison it has been shown that 
during the process of mouse adaptation the antigenic pattern shifts; and the 
shift in structure is not always in the same direction, so that two similar strains 
may become quite different after passage in mice. This observation alone 
would make the significance of the initial observations on differences question- 
able as regards their meaning for human strains. (5) Adaptation of human 
virus to the egg is apparently a less drastic procedure than mouse adaptation, 
and when egg-adapted viruses have been used for comparison of strains horn 
epidemics, no significant antigenic differences have been revealed. This was 
the case in the influenza A epidemics of 1940-41 and 1943-44 and in the in- 
fluenza B epidemic of 1945-46. Even a comparison between the 1940-41 
and 1943-44 strains revealed only slight differences. 

These observations uniformly point to the fact that strain differences in a 
given epidemic are neghgible. At first glance this would seem to be unlikely 
when one realizes the enormous number of human passages some of these similar 
strains must have been subjected to, and especially in view of their antigenic 
lability with relatively few mouse passages (9). If this view of antigenic 
similarity is accepted it must mean that both the A and B influenza viruses 
have achieved considerable antigenic stability. An analogous finding was 
described by Magill and Francis, who observed little difference between the 
thirtieth and the two himdred eighty-fifth passage of the PR8 strain of in- 
fluenza A virus in mice, indicating that antigenic stability was achieved before 
the thirtieth passage. 

These findings also have a practical bearing on influenza prophylaxis by 
subcutaneous vaccination. The cxnrent preparation of vaccine authorized for 
distribution, and widely tested in the field, contains only mouse-adapted 
strains of virus. Among these strains is PR8, which has been most widely 
studied and differs from the egg-adapted A strains by a two- to fourfold margin. 
The second A strain in the vaccine is Weiss, on which no antigenic studies 
have been published; and finally there is the Lee strain of influenza B virus, 
which differs considerably from the 1945-46 type. It would seem logical* 
in prep^ing vaccines, to substitute for these strains others which are as sirmlar 
^ possible to strains ordinarily current during epidemics in man. Experience 
in this laboratory suggests that egg-adapted strains would be a more logical 
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choice, providing the}'’ proved to be siitisfactor}’ in other ways, such as yielding 
high titer in eggs and good antigenic response in man. From the wide selection 
of such strains now available it should not be difficult to obtain a number which 
have the desired characteristics. 


SUMilARY 

Some of the peculiarities of strains of influenza A and B virus from two 
epidemics have been described. The influenza B virus of 19-15-^16, when com- 
pared with influenza A virus, proved to be much more difficult to isolate from 
human sources by any known means. Its adaptation to the chick embryo (by 
any route) or to mice was much slower than that of A virus. It did not keep 
nearly as well on storage at — 72°C. eitlier in tliroat garglings or as passage 
material. Its adaptation to amuiotic growtli was usually much better than to 
allantoic growth even after repeated allantoic passages. It failed to show 
primary evidence of occurring in the 0 form, although many of the secondary 0 
characteristics were present and persisted. Its titer in throat washings was 
not demonstrably high as compared with certain strains of A virus, which 
were demonstrated in garglings at dilutions of 10“* and 10“^. 

The antigenic patterns of influenza A strains from two epidemics were com- 
pared. No antigenic differences of significant degree were found among the 
strains of either epidemic and the difference between the strains of the two 
epidemics was very slight. A similar study was made of the influenza B strains 
of the epidemic of 1945-46. This also showed complete lack of significant 
strain differences. The implications of these findings for influenza prophylaxis 
are discussed. 

Addendum. — ^More recent e.xperience with the influenza strains isolated from the 
A epidemic of early 1947 in the United States indicates that these strains show 
considerable antigenic differences from examples of the^earlier outbreaks. The 1947 
strains also differ from the earlier ones in that they are much more difficult to adapt 
to the allantoic sac and are readily neutralized in in ova tests by normal ferret and 
normal rabbit sera. The occurrence of strain differences within the epidemic is 
being investigated. 
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THE EFFECT OF SULFHYDRYL GROUPS ON 
PJJEUMONIA VIRUS OF MICE (PVM) 

By MOGENS VOLRERT, M.D., and FRAJIR L. HORSFALL, Jk., MJ). 

{From the Hospital of The Rockefeller Institute for Medical Research) 

(Received for publication, July 22, 1947) 

The results of previous studies (1, 2) have shown that pneumonia virus of 
mice (PVM) is very unstable as regards the projierty of mfectiousness but is 
remarkably stable with respect to its capacity to cause hemagglutination. In 
the com:se of studies described in the accompanying paper (3), on the virus- 
combining component present in the lungs of animal species susceptible to 
infection with PVM, evidence was obtained which indicated that the titer of 
the virus, as measured by hemagglutination, is influenced strikingly by the 
concentration of the lung tissue suspension containing it. Because the virus 
appeared to be affected deleteriously in suspensions of high concentration, an 
explanation for this unexpected finding was sought. 

It is the purpose of this paper to present the results of experiments concern- 
ing the effect of the concentration of lung tissue suspensions on PVM. It will 
be shown that the virus is adversely affected in concentrated suspensions as 
well as in the presence of glutathione; that the effect is prevented in both 
instances by the addition of iodoacetamide; and that, in all probability, the 
decreased stability of the virus in concentrated lung suspensions or in the 
presence of glutathione is caused by the presence of sulfhydryl groups. 

Methods 

Virus . — Pneumonia virus of mice (PVM), strain 15 (4), was employed. Suspensions of 
infected mouse lungs in saline were prepared as described in the accompanying paper (3). 
Such suspensions have been shown to contain combined infectious virus (2). Heat-released 
virus was obtained by heating suspensions at 70°C. for 30 minutes as described previously (2). 
Free infectious virus was obtained from intact infected lungs by the centrifugation technique 
described previously (3, 5). Infectivity tests in mice were carried out exactly as in earlier 
studies (1). 

Hemagglutination Tests . — ^The technique of hemagglutination tests with mouse RBC and 
the method of estimating end points were identical with those previously employed (2). 

Glutathione . — ^The glutathione used was obtained from a commercial laboratory.^ A fresh 
solution adjusted to pH 7.0 in saline was prepared for each experiment and used promptly. 

Iodoacetamide. — Dr. RoUin D. Hotchkiss of the Rockefeller Institute prepared and kindly 
supplied the iodoacetamide used. Solutions were prepared in saline. 

■EXPEEUIENTAl 

Stalnlily of PVM in Mouse Lung Suspetisions. — ^Experiments were carried 
out to determine the effect of the concentration of mouse lung suspensions 

* Schwarz Laboratories, Inc., New York. 
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on the PVj\I contained in them as evidenced by tlie capacity of the virus to 
induce infection and to cause hemagglutination following appropriate heating 
( 2 ). 

Suspensions of mouse lungs infected with PVM were prepared in saline. The concentration 
of the suspensions, in terms of Uic wet weight of the lungs, ranged from 50 to 10 per cent. 
Suspensions were held at various temperatures and at intervals aliquots were removed. He- 
magglutination titers were determined after aliquots had been heated at 70’C. for 30 minutes. 
Infeclivity titers were determined on unheated aliquots in mice. 

The results of typical e.xperiments are shown in Table I. It will be seen 
that, when suspensions were heated a short time after preparation, the hemag- 
glutination titers of concentrated suspensions were not proportionately higher 

TABLE I 


The EJfecl oj the Concentration of Mouse Lung Suspensions on the PVM Contained in Them 


PVAI mouse lun^ | 
suspe&son ' 

Suspensioa held 

In/ectivity' titer 
M. S. SO 

Hema^glutinatioa' 
titer following 70*C. 
(or SO mia. 
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•c. 

hrs. 
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1 
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24 

-4.21 

' 768 

25 

4 

24 
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-4.00 

0 

10 

37 

1 

10 


512 

50 

37 

10 

— 

32 


* Reciprocal of titer. 


but actually were lower than those of 10 per cent suspensions. With mcreasmg 
tiiue even more strikingly discrepant results were obtained with concentrated 
suspensions. The marked decrease in hemagglutination titer which occurred 
with concentrated lung suspensions varied somewhat from one e.Tperiment to 
another, but it was found regularly that, after 10 hours at 37°C. or 24 hours at 
4°C., only very little of the virus originally present in concentrated suspensions 
could be demonstrated by the hemagglutination technique. 

It should be noted, however, that the capacity to induce infection was un- 
diminished in concentrated lung suspensions which had been held at 4'’C. for 
24' hours, despite the fact that no virus was demonstrable in the same suspen- 
sions by the hemagglutination technique after appropriate heating. It ap- 
peared, therefore, that PVM was not actually destroyed in concentrated lung 
suspensions held at 4°C. even though it was rendered no longer demonstrable 
by the hemagglutination procedure. 
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In other e.\periments a fresh SO per cent suspension of normal mouse lungs 
m saline was added to a 10 per cent suspension of infected lungs. Aliquots 
of the mixture were held at 37°C. or 4°C. and at intervals samples were removed 
and tested as before. The results obtained were similar to those described 
above. The addition of normal lung tissue to suspensions of infected lungs 
caused a prompt reduction in the amount of virus which could be released by 
heating and, with increasing time, the amount of virus demonstrable by the 
hemagglutination technique progressively decreased. 

Eject of Glutathione on Stability of PKil/.— Because tissue suspensions pro- 
vide reducing conditions, e.xperiments were carried out to determine whether 
the addition of a reducmg substance, e.g. glutathione, to infected mouse lung 
suspensions would exert an effect upon PVil similar to that observed with con- 
centrated suspensions. 

To 10 per cent suspensions of mouse lungs infected with PVM (combined infectious virus') 
a fresh solution of glutathione was added to give a concentration of 0.005 sr. The mixtures 
were held at 24° C. and at intervals samples were removed. Infecdvity titers were determined 
in the usual manner in mice. Hemagglutination titers were determined following heating at 
70°C. for 30 minutes. 

The results of representative experiments are shown in Table n. It was 
found that the addition of 0.005 M glutathione to PVM mouse lung suspensions 
had no effect upon the infectivity titer of the suspensions but, following heat- 
ing of the mixtures, no virus could be demonstrated by the hemagglutination 
technique. These results indicate that in the presence of glutathione PVM is 
incapable of withstanding the degree of heating employed as routine to release 
the virus from combination with the lung tissue component (2, 3). 

If the effect of glutathione on the heat stabUity of PVM were due to the 
sulfhydiyl groups of the compound, it would be expected that the addition of 
iodoacetamide, which combines with sulfhydryl groups (6), would prevent the 
effect of glutathione on the virus. 

To 10 per cent suspensions of infected mouse lungs was added either iodoacetamide solution 
to give a concentration of 0.01 u or a fresh solution of glutathione to give a concentration of 
0.005 it. The mixtures were held at 24°C. and at intervals samples were removed. To 
aliquots of those mixtures which contained glutathione, iodoacetamide was then added. He- 
magglutination titers were determined following heating in the usual manner. 

The results of typical experiments are shown in Table II. It is evident that 
the addition of iodoacetamide to a lung suspension containing glutathione 
completely prevented the effect of glutathione on the heat stability of PVM. 
Moreover, when 0.005 ii glutathione was empbyed, iodoacetamide (0.01 ir) 

* .As indicated in the accompanying paper, combined infectious virus refers to PVII present 
in ground lung tissue suspensions; although fully infectious the virus does not cause hemag- 
glutination because it is in combination with a lung tissue component. 
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could be added 1 hour after the addition of glutathione and elimination of the 
effect of glutathione on the virus was obtained. 

Similar e.\periments were carried out with free PVM. JBoth heat-released (2) 
and free infectious virus (5) were employed. It will be recalled that free PVM 
possesses the advantage that it causes hemagglutination directly and, unlike 
combined PVM, does not require further treatment to unmask this property. 

TABLE II 


The Effect of Low Concentrations of Glutathione and lodoacctamide on PVid 
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The results of these experiments also are presented in Table 11. It will be 
seen that the presence of glutathione (0.005 m) caused no reduction in the 
hemagglutination titer of either heat-released or free infectious virus, but that, 
when the mixtures were heated within 2 hours of their preparation, the capacity 
to cause hemagglutination w’as lost. It was found that the effect of glutathione 
on the virus was produced promptly; 1 minute after the addition of glutathione 
no virus could be demonstrated by means of hemagglutination if the mixture 
was heated at 70°C. With increasing time the effect of glutathione progressively 
decreased and when mixtures were heated 6 to 24 hours after preparation 
maximal hemagglutination titers were again obtained. It is well known that 
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glutathione is unstable in solution and that on standing it gradually becomes 
oxidized to the disulfide form. It appears probable that elimination of the 
efiFect of glutathione on PViM with increasing time of incubation of a mixture 
is ■jimilnr to the effect which was obtained when iodoacetamide (0.01 it) was 
added 1 hour after the mixture had been prepared. 

It was of interest to determine whether concentrations of glutathione greater 
than 0.005 it would cause even more marked effects on PVhrl. Therefore, 
further e.xperiments, similar to those described above, were performed. 

To preparations of combined infectious virus (10 per cent suspensions of infected mouse 
lungs), heat-released virus, or free infectious virus was added a fresh solution of glutathione 
to give a concentration of 0.05 si. The mixtures were held at 37°C. and at intervals samples 
were removed and their hemagglutination titers determined. To aliquots of these mixtures, 
either before incubation or following it, a solution of iodoacetamide was added to give a con- 
centration of 0.1 IL 

The results of typical e.xperiments are presented in Table m. It was found 
that, when 0.05 ii glutathione was present in suspensions containing combined 
PVil, it was necessary to add iodoacetamide (O.Ol xi) immediately if the effect 
of glutathione on the virus was to be inhibited. One hour after the addition 
of glutathione in this concentration, the addition of iodoacetamide failed to 
eliminate the effect of glutathione on the hemagglutinating capacity of the 
virus. 

Moreover, with 0.05 m: glutathione, striking direct effects were obtained on 
the hemagglutination titer of free PVM. As is shown in Table m, the hemag- 
glutination titer of either heat-released or free infectious virus rapidly decreased 
in the presence of 0.05 ii glutathione and, after 1 hour at 37°C., little or no virus 
was demonstrable by the hemagglutination technique even when heating was 
not employed. With free infectious virus it was found that the capacity of 
the virus to induce infection also decreased rapidly in the presence of 0.05 it 
glutathione. When iodoacetamide (0.1 ii) was added simultaneously with 
glutathione, the striking reduction in hemagglutination titer was completely 
prevented but, if iodoacetamide was not added until 1 hour after the addition 
of glutathione, the reduction in hemagglutmation titer was not reversed. 
Combined infectious virus, heat-released virus, and free infectious virus ap- 
peared to be affected in an identical manner by glutathione. 

The results of these experiments indicate clearly that in the presence of 
glutathione the stability of P\IM, either in the combined or the free state, 
is decreased. In the presence of relatively low concentrations of glutathione 
(t.e., 0.005 ii) the effect can be either prevented or eliminated by the addition 
of iodoacetamide. However, in the presence of relatively high concentrations 
of glutathione (t.e., 0.05 ii) the effect can be prevented but cannot be eliminated 
by the addition of iodoacetomide. The capacity of free P\rM to cause hemag- 
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giutination is unafifected by low concentrations of glutathione but rapidly de- 
creases, as also does the capacity to induce infection, when high concentrations 
are present. The reduction in the hemagglutmation titer of free virus under 
these conditions can be prevented but not completely reversed by the addition 
of iodoacetamide. 


TvYBLE in 


The Effect of High Concentrations of Glutathione and Iodoacetamide on PVM 


PVM 

Added before 
incubation 

Incubation 
at 24*C. for 

Added 
after in- 
cubation 

Infec- 

tivity 

Heatins 

Hemag- 

glutina- 

tion 

titer 


Gluta- 

thione 

lodoacet- 

amide 

lodoacet- 

amide 

M. S.50 

Combined infec- 

0 

0 

1 hr. 


lot 

70 C. for 30 

512* 

tious virus 

(1 It 

0.05 M 

0 

1 “ 


B 

min. 

II 11 

0 

it << 

0 

0.1 M 

1 “ 



II II 

256 

u << 

0.05 M 

0 

1 “ 



II II 

8 

.• « 

0.05 m 

O.lM 

1 “ 


H 

II II 

256 

Heat-released 

0 

0 

mam 

0 

— 

None 

512 

virus 








II II 

0.05 m 

0 


0 


II 

256 

II II 


0 

mmm 

0 

— 

II 

32 

II II 

0.05 u 

0 


0 

— 

II 

0 

II II 

O 

0.1 u 

1 “ 

0 

— 

II 

256 

II II 

0.05 u 

0 

1 “ 

0.1 M 

— 

II 

16 

1 1 II 

0.05 u 

0.1 u 

1 “ 

0 

— 

II 

256 

Free infectious 

0 

0 

mam 

0 

-2.61 

II 

256 

virus 








It II 

0.05 u 

0 

1^1 

0 


II 

2 


* Reciprocal of titer. 


Effect of Iodoacetamide on Stability of PVM in Lung Suspensions , — ^The 
efiect of glutathione on PVM appeared to be analogous to the effect of concen- 
trated lung susp'ensions on the virus. Because iodoacetamide was capable of 
preventing the effect of glutathione and of eliminating its action under ap- 
propriate conditions, experiments were carried out to determine whether the 
addition of iodoacetamide to concentrated PVM lung suspensions would pre- 
vent the marked reduction in hemagglutination titer which occurs in such sus- 
pensions. 

Suspenaons of mouse lungs infected with PVM, which in terms of wet weight ranged from 
50 to 10 per cent, were prepared in saline. To aliquots of these suspensions a solution of 
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iodoacetamide was added to give a concentration of 0.01 ii. The suspensions and mixtures 
were held at 37°C. and at intervals samples were removed. To aliquots of the suspensions 
iodoacetamide (from 0.01 to 0.1 m) was then added, following which all samples were heated 
at 70°C. for 30 minutes and their hemagglutination titers determined in the usual manner. 

The'resultsof typical e.^eriments are shown in Table IV. It will be seen 
that the addition of iodoacetamide did not alter the hemagglutination titer of 
10 per cent suspensions and, moreover, that such suspensions could be held at 
37°C. for 20 hours without the addition of iodoacetamide and still show maximal 

TABLE IV 


The Eject of Conctnlralion of Mouse Lung Sttspensiotis and of Iodoacetamide on PVM 


PVM mouse lung 
suspension 

Added before 
Incubation 

Incubation at 
37*C. for 

Added after 
incubation 

Hemagglutination 
titer following 
70*C. for 30 min. 

Iodoacetamide 

Iodoacetamide 

per cent 


hts. 


- 

10 

0 

0 

0 

512* 

it 

0.01 n 

0 

0 

512 

it 

0 

20 

0 

512 

50 1 

1 

0 

0 

256 

(i 

0 

0 

0.01 it 

2048 


0 

10 

0 

32 

it 

0 

10 

0.01 it 

1024 

a 

0 

20 

0 

0 

it 

0 

20 

0.01 it 

16 

it 

0 

20 

0.1 it 

16 

it 

0.01 u 

20 

0 

1024 


* Reciprocal of titer. 


hemagglutination titers after appropriate heating. On the other hand, the 
addition of iodoacetamide to 50 per cent supensions of infected lungs resulted 
in a marked increase in their hemagglutination titers following heating. In 
the presence of iodoacetamide the titer of 50 per cent suspensions was found 
regularly to be five times higher than that obtained with 10 per cent suspensions. 

^Vhen iodoacetamide was added to 50 per cent suspensions and the mixture 
then was incubated for 20 hours, no significant decrease in hemagglutination 
titer occurred. Even when it w^as added following 10 hours’ incubation of 50 
per cent suspensions, an almost undiminished hemagglutination titer was ob- 
Uined following heating, whereas during an identical period in the absence of 
iodoacetamide a very marked reduction in titer occurred. VTien the incuba- 
tion period with such concentrated suspensions was 20 hours, in the absence of 
iodoacetamide no virus could be demonstrated by the hemagglutination tech- 
nique. 
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The results of these experiments indiciite clearly that iodoacetamide is 
capable of preventing the deleterious effect of concentrated lung suspensions 
upon the heat stability of PVM and ev'^en of restoring this. Moreover, they 
show that during incubation at 37°C. the virus in concentrated lung suspensions 
becomes progressively less stable to heat. After 10 hours’ incubation this 
effect is almost completely eliminated by the addition of iodoacetamide but 
after 20 hours’ incubation the effect is almost entirely irreversible even though 
much iodoacetamide is added. 


DISCUSSION 

The results obtained in this study indicate that the presence of sulfhydryl 
groups is an important factor which influences the stability of PVHM. In the 
presence of sulfhydryl groups provided by 0.005 xt glutathione the capacity of 
the virus to induce infection is unaltered but it is promptly rendered less stable 
to heat. The effect of this concentration of glutathione on the heat stability 
of the virus is eliminated either by the spontaneous oxidation of glutathione 
which occurs in solution or by the addition of iodoacetamide which combines 
with sulfhydryl groups. In the presence of sulfhydryl groups provided by 0.05 
M glutathione irreversible changes in the virus take place, the capacity to induce 
infection is lost rapidly, and there is associated with this change a corresponding 
decrease in hemagglutination titer. Both free and combined virus are similarly 
affected by high concentrations of glutathione and, although the effect can 
be prevented completely by the addition of iodoacetamide, it is not eliminated 
by the addition of this substance, once it has occurred. 

In concentrated lung tissue suspensions changes are induced in the virus 
which are strikingly similar to those which occur in the presence of glutathione. 
Under appropriate conditions (t’.g., 4'’C.) in concentrated suspensions the 
capacity of the virus to induce infection is unaltered but marked instability 
to heat develops. This latter change, like that which occurs in the presence of 
glutathione, can be prevented by the addition of iodoacetamide. Similarly, 
if the reaction has not been allowed to proceed for too long a period (e.g., 10 
hours), the decreased heat stability of the virus can be eliminated by the addi- 
tion of iodoacetaniide. After a longer time an irreversible change in heat 
stability occurs analogous to that obtained with 0.05 xi glutathione, and this is 
not eliminated by iodoacetamide. 

The finding that the infectious as well as the liemagglutinating properties 
of PVM are both similarly affected in either concentrated lung tissue sus- 
pensions or in the presence of glutathione,and that these effects are prevented or 
eliminated in like degree by iodoacetamide, indicates that in both instances the 
alterations in the properties of the virus are dependent upon the presence of 
sulfhydyl groups. 
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SUiOIARY 

; • 

Evidence is presented which indicates that P\rM is affected adversely in con- 
centrated lung tissue suspensions or in the presence of glutathione. Because 
iodoacetamide inhibits or eliminates these effects in a similar manner, it is 
concluded that sulfhydryl groups are essential to their development. 
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STUDIES ON A LUNG TISSUE COMPONENT WTHCH COMBINES 
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Pneumonia virus of mice (PVM) (1), like at least nine other animal viruses, 
posesses the capacity to cause agglutination of erythrocytes obtained from 
certain mammalian species (2-A). Unlike other viruses which cause hemag- 
glutination however, PVM in suspensions of infected tissues requires treatment by 
special procedures in order that hemagglutination may be demonstrable. 
The results of detailed investigations (4) with PVM indicate that the virus 
particles themselves are responsible for hemagglutination and that the hemag- 
glutination technique provides a means of measuring in vitro the concentration 
of either the virus or of antibodies against it. It was shown previously (4-6) 
that PVM may occur in at least two different physical states; in one, the virus 
particles are in firm combination with a lung tissue component; in the other, 
the virus particles are free, that is, uncombined. When in combination with 
lung tissue particles the virus is incapable of combining with erythrocytes. 
Hemagglutination with free ^drus is but one evidence of the combination which 
occurs between the virus and the tissue component present in suitable erythro- 
cytes. In earlier papers (4, 6) it was suggested that the capacity of lung tissue 
to combine with the virus might be an important factor in the pathogenesis of 
infection with the agent. Moreover, the possibility was entertained that the 
virus is able to infect susceptible cells only when it is in the free state. 

It is the purpose of this paper to present the results of further experiments 
with PVM and with the Ivmg tissue component which combines with the virus. 
A technique has been devised by means of which the virus-binding capacity of 
tissue suspensions can be measured with some precision. It will be shown that 
there is a close correlation between the degree of susceptibility to infection with 
PVAI and the amount of the virus-binding component present in the lung tissues 
of various animal species . Evidence will be presented which indicates that free 
virus is taken up readily and bound by the cells of the intact normal lung, 
whereas with combined virus such fixation does not occur until the virus-tissue 
component complex has been split. It will be shown that enzymes are capable 
of actmg on the tissue component and of releasmg free \'irus from combination 
with it. Reasons will be given for thinking that enzymatic splitting of the 
complex probably is an initial step essential to the development of infection 
when combined virus is given. 
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Methods 

Virtts. — Pneumonia virus of mice (PVM), strain IS (1), was used eiciusively. It was main- 
tained by occasional passage in albino Swiss nucc and stored as a 10 per cent suspension of 
infected mouse lungs at — 70°C. Preparations of combined virus or of free virus were obtained 
as described in previous commum'cations (4, 6). Unless otierwise indicated, combined virus 
was that present in ground suspensions of infected mouse lungs, whereas free virus was that 
present in similar suspensions which had been heated at 70°C. for 30 minutes. 

Injectivity Tats. — Titrations of virus infcctivity employing serial tenfold dilutions were 
carried out in albino Swiss mice according to the technique described in detail previously (7). 
End points were calculated by the 50 per cent maximum score method as in previous stud- 
ies (7). 

Hanagglutination Tats. — The titrations of hemagglutinating activity were carried out with 
serial twofold dilutions of virus suspensions and 0.8 per cent mouse RBC. The te chni que 
and the method of estimating end points were identical with those previously described (4). 

Tissue Suspensions.-rSuspeasions of appropriate animal tissues in saline were made by 
mixing in the Waring blendor for 2 minutes. Suspensions were used on the day they were 
prepared or were stored at — 70°C. 


EXPERIMENTAL 

Virus-Combining Capacity of Normal Tissues . — Before it was possible to 
obtam quantitative information concerning combination between PVIVI and 
various tissues, it was necessary to devise a method by means of w'hich the 
virus-bindmg capacity of a tissue suspension could be measured. Cumen and 
Horsfall (4) showed that both time and temperature are important factors in 
the reaction between PVi\I and tissue particles. These observations were 
readily confirmed, and it was found that when appropriate proportions of virus 
and lung tissue were used all of the virus was bound by the tissue in a period of 
30 minutes at 37°C. If larger amounts of virus were used than the tissue could 
combine with readily in 30 minutes, additional binding of the virus by the 
tissue occurred over a period of hours. Even in the presence of e.xcess virus, 
however, 90 to 95 per cent of the virus which eventually the tissue could bind 
was combined within the first 30 minutes of the reaction . If larger amounts of 
tissue were used, the time required to bind all the virus was proportionately 
less than 30 minutes. 

In the light of these findings, the following technique was employed to determine the virus- 
combining capacity of a tissue suspension: 10 per cent tissue suspensions were prepared in 
saline and were mixed in the Waring blendor for 2 min utes. The technique of preparation 
of tissue suspensions infiuences the virus-binding capacity; inadequate mixing or grinding re- 
sults in a lower virus-binding titer as also does centrifugation. To obtain comparable results, 
therefore, all tissue suspensions were prepared under uniform conditions and were not centri- 
fuged. Serial twofold dilutions of tissue suspensions were made in saline and to each tube 
was added 8 hemagglutinating units of virus. The mixtures were kept at 37°C. for 30 minutes 
and then centrifuged at 12,000 e.p.m. for 10 minutes. From each tube 0.2 cc. of the supemate 
was taken and to it was added an equal volume of an 0.8 per cent mouse RBC suspension. 
The presence or absence of hemagglutination was determined after 1.5 hours at room tempera- 
ture. The last tube in which no hemagglutination occurred was taken as representing the 
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end point and it indicated the smallest amount of tte tissue suspension whicli was able to 
bind completely 8 units of virus. This quantity was taken as the virus-combining titer of 
the tissue suspension. 

It should be pointed out that two other factors, in addition to the tissue com- 
ponent itself, may complicate the interpretation of the results of tests for bind- 
ing capacity with PVIVI. It will be recalled that the red blood cells of both 
mice and hamsters are able to combine with large amounts of PVM (4). Also, 
the blood of various mammalian species may contain antibodies against the 
virus which inhibit hemagglutination (4, 8). In hamsters and mice,' therefore, 
a reliable result is obtained only when organs which have been freed of blood 
are employed. Perfusion of organs with saline to remove blood is most easily 
accomplished in the case of the lungs, kidneys, and brain, and consequently 
suspensions of these organs were tested. In addition to hamsters and mice, 
cotton rats are also susceptible to experimental infection with PVAI. However, 
cotton rat red blood cells are not able to combine with the virus (4) but anti- 
viral antibodies could be responsible for erroneous results If cotton rats which 
possess no antibodies against PVM are selected, all of their organs can be tested 
for the presence of virus-binding component. 

Tests for the presence of substances which combine with PVM were carried 
out with suspensions of various normal tissues obtained from several animal 
species. The results are shown in Table I. It is evident that among the vari- 
ous organ suspensions tested only mammalian lung suspensions were capable of 
binding the virus. It should be pointed out that the virus-binding capacity of 
the lungs from different animal species closely paralleled the degree of suscepti- 
bility of these species to infection with PVhl. Hamsters and mice are most sus- 
ceptible to infection with the virus (7, 8) and their lungs show the highest 
virus-combining titer. Cotton rats are less susceptible to infection with the 
virus (8) and their lungs show a virus-combining titer eightfold lower than that 
of mouseor hamster lungs. Rabbits and guinea pigs have not been proven to 
be susceptible to experimentally induced infection with PVM, but serological 
evidence (8) indicates that both species, and also human beings, develop inap- 
parent infections naturally with the virus. With lung tissue from each of these 
three species the capacity to bind PVM was present but the combining titer 
was very low. As is shown below, both chick embryos and duck embryos ap- 
pear to be completely insusceptible to infection with the virus. It appears of 
considerable interest that with avian embryo suspensions it was not possible to 
demonstrate the presence of any virus-binding capacity whatsoever. 

Attempts were made to obtain the virus-binding component from intact lungs 
without subjectmg them to grinding. The following procedure was employed : 
Into the trachea of freshly removed lungs a small quantity of saline was intro- 
duced and washed to and fro by means of a syringe. On withdrawal from the 
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lungs this fluid appeared milky and contained many epithelial cells. As is indi- 
cated in Table I, such fluids siiowcd a relatively high virus-combining titer. 
Experiments were carried out to determine what influence variation m the 
concentrations of virus and lung tissue, with respect to each other, had upon 


TABLE I 

The Capacily of Suspatsions of Various Normal Tissues to Combine with PVM 


Saline suspension of normal tissue 

10 per cent 

Agglutination vs. mouse RBC in 
presence of 3 tmits of free FVM 

PVM-combin- 
ing titer of sus- 
pension 

Dilution of tissue suspension 

4* 

3 

16 

J2 

64 

123 

256 

Mouse lung 

0 

0 

0 

0 

0 

2 

3 

64 * 

“ bronchial washings 

0 

0 

0 

2 

3 

3 

3 

16 

“ kidney 

3 

3 

3 

3 

3 

3 

3 

0 

" brain 

3 

3 

3 

3 

3 

3 

3 

0 

Hamster lung 

0 

0 

0 

0 

0 

2 

3 


“ kidney 

3 

3 

3 

3 

3 

3 

3 

0 

“ brain 

3 

3 

3 

3 

3 

3 

3 

0 

Cotton rat lung 

0 

0 

3 





8 

“ “ kidney 

3 

3 

3 





0 

“ “ brain 

3 

3 

3 





0 

“ “ liver 

3 

3 

3 





0 

“ " spleen 

3 

3 

3 





0 

“ “ muscle 

3 

3 

3 





0 

Rabbit lung 

0 

2 

3 





4 

Guinea pig lung 

0 

2 

3 





4 

Human lung 

0 

2 

3 





4 

Chick embryo lung 

3 

3 

3 





0 

Whole chick embryo 

3 

3 

3 





0 

Whole duck embryo 

3 

3 

3 





0 


* Reciprocal of dilutioa or titer. 


the binding of virus by the lung tissue component. The results are presented 
graphically in Fig, 1 , It was found that, as the concentration of lung tissue 
was increased, the quantity of virus bound also increased and it appeared that 
the two variables were directly related, one to the other, according to multiple 
proportions, 

Virus-Combining Capacity of Infected Tissues. — Cumen, Pickels, and Horsfall 
(5) showed that it is possible by means of a special technique to obtain free 
infectious PVM from infected mouse lungs; if such lungs are ground, however. 
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no free virus can be demonstrated directly. It appears e\’ident, therefore, that 
suspensions of infected mouse lungs, like those prepared from normal animals, 
are capable of combining with the virus. It was of interest to determine 
whether suspensions of infected lungs, in which a certain proportion of the virus- 
combining component was already combined with PVII, would show a vims- 
combining titer significantly lower than that of suspensions of normal lungs. 
With experimental conditions identical with those described above it was found 



Fig. 1. Relationship between quantity of combining component and quantity of virus 
bound. One combining unit = the amount of mouse lung suspension which will bind 8 he- 
magglutination units of PV&I. 

that the combining capacities of normal and infected lungs were not demonstra- 
bly different. This was true even if the infected lungs were removed at times fol- 
lowing inoculation when the virus titer was maximal. It was found that sus- 
pensions of infected lungs were capable of combining with approximately 10 
times more virus than was present in them. It appears, therefore, that only 
about 10 per cent of the virus-combining component present in mouse lungs 
is combined with PVJI in suspensions of infected limgs. 

These results made it even more difficult to understand how free (e.g., un- 
combined) virus could be present in intact lungs which contain such a relatively 
large excess of the tissue component capable of combining with PVil. That 
free virus actually can be obtained from slices of perfused infected lungs by the 
centrifugation technique described previously (5) was readily confirmed. To 
e.xplain these results it seemed necessary to assume that the free virus and tissue 
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component are separated spatially from one another and have in the intact lung 
no opportunity for contact. If this were true, it appeared probable that free 
virus would be present in the bronchi. To test this possibility lungs were re- 
moved from uifected mice on the 6th day after inoculation when the virus titer 
was maximal. One-half cc. of saline was introduced into the bronchial tree 
through the trachea, promptly removed, and tested for the presence of virus. It 
was found that virus was present in the recovered fluid and was in the free state. 
Such fluid may show a hemagglutination titer of 1,000 to 2,000 which is higher 
than the titer usually obtained with 10 per cent suspensions of ground lungs 
following appropriate heating. It has not been possible to devise any procedure 
which would yield evidence as to the state of PVM in cells infected with the 
virus. 

InsitsceptibilUy of Avian Embryos to Infection. — ^The results of previous exper- 
iments (4, 6) suggested that the chick embryo is not susceptible to infection with 
PVM. It was of importance to investigate this further because, if infection 
could be established in chick embryos which possess no virus-combining com- 
ponent, it seemed probable that a rich source of free PVM would become avail- 
able. Since duck embryos also do not possess virus-combinmg component, 
they were studied in a similar manner. 

Combined virus as well as free infectious virus in suspensions which possessed hemagglutina- 
tion titers of 1:256 to 1:512 was inoculated in chick embryos. In some experiments the virus 
was injected into the allantoic fluid of embryos ranging in age from 9 to 13 days. The quan- 
tity injected was varied from 0.1 to 1.0 cc. The virus content of the allantoic fluid of inocu- 
lated embryos was measured every 2nd day for periods as long as 8 days after inoculation; 
both hemagglutination tests and infectivity tests in mice were employed. In other experi- 
ments the virus was injected into the amniotic fluid of 9 to 11 day embryos in amounts of 
0.1 cc. and the virus content of the amniotic fluid as well as of the embryo lungs was measured 
every 2nd day for 8 days. In still other experiments 0.5 cc. amounts of virus were injected 
into the yolk sac of 6 to 7 day embryos and the virus content of the yolk sac, whole embryo, 
embryo lung, and amniotic fluid was measured at intervals up to 8 days after inoculation. 
For inoculation of duck embryos free infectious virus, which had a hemagglutination titer of 
1:256, was used. Embryos, 11 to 13 days of age, were given either 0.5 cc. by the allantoic 
route or 0.1 cc. by the amniotic route. Allantoic fluid and amniotic fluid as well as lung tissue 
from duck embryos were tested for the presence of virus by the hemagglutination technique 
at intervals for 8 days after inoculation. 

The results of the inoculation of chick and duck embryos with PVM were 
unequivocal; in no instance was any evidence of infection obtained. It ap- 
pears, therefore, that neither free virus nor combined virus is capable of in- 
ducing infection in the chick or duck embryo, irrespective of the quantity'- of 
virus inoculated or the route by which it is injected. 

Centrifugation of Virus-Combining Component. — Centrifugation e.xperiments 
were carried out to determine whether it was possible to separate, in high gravi- 
tational fields, the virus-combining component from lung tissue particles. It 



ilOGEN'S VOLKERT AXD FRtVNK L. HORSFALL, JR. 


399 


was found that, following centrifugation of lung suspensions at 8,000 r.pji. 
for 10 minutes, a large proportion of the binding component was sedimented 
together with cell fragments. By spinning at 15,000 R.P.ir. for 30 minutes all 
or almost all of the binding component was sedimented. Cumen and Horsfall 
(4) showed that, after hemolj'sis of mouse red blood cells, all of the combining 
material remained with the stromata and could be sedimented by high speed 
centrifugation. These findings were readily confirmed. It appears, therefore, 
that the tissue component responsible for combination withPVM either consists 
of particles of appreciable size or is closely associated with small cell fragments 
from which it is not separated by centrifugation. It has not been possible to 
obtain any evidence indicating that the tissue component is actually soluble 
in either water or saline solution. 


T.-tBLE n 

Tht Efful of Enzymts on the PVM-Combining Component of Mouse Lungs 


Saline siupcnsioa 
of tiine 
■ 10 per cent 


Mouse lung 


Treated for 3 bra. at 33*C. tritb 


Saline 

Ribonuclease 

Desoxyribonuclease 

Trypsin 


Asslotinatioa ss. moose RBC in presence 
of S units of free FVM 


Dilution of mouse loos suspension 


3 1 6 32 » 123 256 512 


00000233 

00000233 

00000333 
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Enzymatic Destruction of Virus-Combining Component . — To obtain further 
information regarding the nature of the binding substance present in mam- 
malian lungs, the effect of various enzymes on the component was tested. 
Mouse lung suspensions were mbied with various enzymes at a concentration 
of 0.1 mg. per cc. and the mixtures were held at 37°C. for 3 hours. The virus- 
combining capacities of the treated suspensions were tested according to the 
technique described above. The results are shown in Table IT. It was found 
that neither crystalline ribonuclease^ nor desoxyribonuclease^ had any effect 
upon the component. Because, as was previously pomted out (4), trypsin^ is 
itself capable of causing agglutination of RBC obtained from certain mice, it 
was necessary to discover some means of preventing this action if satisfactory 
tests were to be carried out. Fortunately, it was found that trjqjsin inhibitor^ 
(9) prevents agglutination of mouse RBC by trypsin, and, therefore, inhibitor 
was added to lung suspensions following treatment with trypsin. Under these 

‘These materials were kindly provided by Dr. Madyn McCarty of The RockefeUer In- 
stitute for Medical Research. 
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conditions it was possible to show that treatment with crystalline trypsin caused 
lung suspensions to lose all capacity to combine with PVM. The results of 
these experiments indicate that the activity of the combining component is 
destroyed by trypsin, and suggest that protein may be an important constituent 
of the component. 

Dissociation of Virus-Tissue Component Complex by Antibody . — Results ob- 
tained previously by Curnen and Horsfall (4) indicate that spontaneous dissoci- 
ation of the combmation between PVM and the lung tissue component does 
not occur. In their e.vperiments suspensions of infected lungs which contained 
a large excess of combining component were used. It appeared possible that 
dissociation of the complex might actually occur but be masked because the 
virus could be bound again by lung tissue particles other than those with which 
it had combined originally. Further e.xperiments were carried out to test this 
possibility. 

To suspensions of infected mouse lungs ^¥hich contained combined virus, free virus was 
added in a quantity just sufSdent to unite with all the excess combining component. In 
addition, suspensions of mouse RBC were muted with amounts of free virus sufficient to satu- 
rate their combining capacity. These mixtures were held cither at 37 or 42°C. for periods as 
long as 4 days. At intervals aliquots were removed, centrifuged, and tested for the presence 
of free virus by the hemagglutinating technique. 

It was found that in no instance was demonstrable free virus released from 
suspensions of mouse lungs or RBC, the binding capacity of which bad been 
saturated with free virus. It appears, therefore, that spontaneous dissocia- 
tion of the comple.x formed by combination of PVrM and the combining com- 
ponent does not occur. 

Experiments were carried out to determine the relative affinities for the varus 
of the combining component and specific antibody against PVM. It will be 
recalled that the amount of virus which is combined with the lung tissue com- 
ponent can be determined by heating a suspension appropriately and measuring 
the hemagglutination titer of the released virus. It was found also that the 
amount of virus which is combined with antibody, when the virus is mixed 
with immune hamster serum, can be estimated in a similar manner after heating 
of the mixture at 70°C. for 1 hour, provided that the antibody is not in too 
great excess. 

Two series of experiments were performed; In the first series a neutral mixture of free 
virus and hamster immune serum was added to a suspension of normal mouse lung tissue 
particles which had been washed in the usual manner. After incubation at 37°C. for 1 hour, 
the lung tissue particles were separated from the mixture by centrifugation, washed with saline 
j 3 times, resuspended in saline, and heated at 70°C. for 30 minutes. The suspension was then 
tested for the presence of virus by the hemagglutination technique. In no instance was virus 
demonstrable. In the second series of e.xperiments a suspension of similar lung tissue particles 
which had been saturated with free virus was mixed with hamster immune serum and incubated 
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at 37°C. for 1 hour. The lung tissue particles were then centrifuged out The supemate was 
heated at 70°C. for 1 hour and the presence of virus was determined by the hemagglutination 
technique. In every instince virus was demonstrated. 

The results of typical e.xperiments, shown in Table III, indicate that when 
the virus is combined with antibody it is not capable of combming with lung 
tissue particles but, if the virus is combined with lung tissue particles, it can 
be caused to dissociate from them by specific antibody with which it then 
combines. It appears, therefore, that the attractive forces between the virus 
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The Disscciaiion oj Comhinti PVM by Spuific Antibody against the Virus 
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* Reciprocal of dilution or titer. 


and specific antibody are stronger than those between the virus and the com- 
bining component. 

Virus-Combming Capacity of the Intact Lung .— experiments described 
above were all carried out in •aitro but the chief objective of this study was to 
learn more of what occurs in the lung of a living animal after the intranasal 
inoculation of PVM. It seemed of importance to determine whether, fol- 
lowing inoculation, virus was bound by the intact lung, and whether this 
occurred only if free virus was given or would occur even when combined vims 
was inoculated. It was also of interest to learn the rate of the interaction 
between virus and mtact lung. Hirst’s (10) studies with influenza vims in 
ferret lungs had shown that important information could be obtained by 
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techniques employing intact surviving lungs. Similar studies were undertaken 
with rVM in mouse or hamster Jungs. The very small size of the lungs of 
these animals necessitated some modifications in procedure. 

Bcrausc tlic mouse lung is so small, most of the c.xpcriments were carried out with surviving 
hamster lungs. To prevent confusing effects which might be caused by the presence of cither 
spcciGc .antibody or red blood cells, each lung was carefully perfused with saline in silu before 
removal. One cc. or less of virus suspension was injected into the lung through the trachea; 
the trachea was then ligated and tlie distended lung held for various periods at 37'’C. Fluid 
was' tlicn recovered from the lung and its virus content measured by the hemagglutination 
technique. It was found that the largest amount of fluid was recovered when the trachea 
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was cut off, and the lung placed in a lusteroid tube and centrifuged at high speed. With this 
procedure about 75 per cent of the fluid which had been injected could be recovered and results 
obtained with individual lungs compared well, one with another. 

The results when free virus was introduced into the hamster lung are shown 
in Table IV. It was found that free virus was removed from the fluid and 
bound promptly by the lung. In 1 to 1.5 hours all of the virus which had been 
injected was bound and none could be demonstrated in the fluid recovered from 
the lung. Experiments carried out witli either heat-released virus or with 
free infectious virus gave identical results. In Table IV also are shown the 
results which were obtained when combined virus was employed. It was 
found that, given sufficient time, combined virus also could be bound by the 
lung but that to obtain comparable removal of such virus from the fluid intro- 
duced a time interval at least four or five times longer was required with com- 
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bined virus than with free virus. Closelj-- similar results were obtained in 
experiments with intact mouse lungs. 

In order to e.xclude the possibility that the hemagglutinating capacity of 
PVTkl was destroyed in the intact lung, it was necessarj- to show that the virus 
could be released from the lung tissue following its introduction via the trachea. 
In an accompanying paper (11) it is shown that concentrated lung suspensions 
possess the- capacity to cause marked reduction in the hemagglutination titer 
of PVM and that this adverse eSect can be completely prevented by the ad- 
dition of iodoacetamide to such suspensions. MTien intact lungs which 
apparently had bound virus were ground and heated appropriately, irregular 
results were obtained in hemagglutination tests and in no instance were the 
titers of the heat-released \drus as high as was to have been e.xpected. How- 
ever, when iodoacetamide (0.01 xi) was added to suspensions of such lungs, 
consistent results were obtained following heating and the observed hemag- 
glutination titers conesponded reasonably well with those to be expected from 
theoretical considerations. Thus, it appears that the intact hamster or mouse 
lung is capable of binding P\rM after introduction of the virus through the 
trachea, and that virus so bound can be released from the lung tissue under 
appropriate experimental conditions. 

Dissociation of Combined Virus in the Lung . — ^The results of e.xperiments on 
the bmding of PVjM in surviving lungs showed that a much longer time was 
required for binding when combined virus was injected than was necessary 
when free xirus was employed. That so much time was needed before com- 
bined virus was bound suggested that a step-wise mechanism might be operative 
and it seemed logical to think that the first step might be dissociation of the 
virus-tissue component complex. As shown above, the results of numerous 
experiments bax^e indicated that spontaneous dissociation of the complex does 
not occur. To determine whether combined xdrus did undergo dissociation 
following its introduction into the lung, various experimental procedures were 
employed. 

The following procedure yielded the most decisive results: To a suspension of mouse lungs 
infected with PVAI was added sufficient free virus to completely saturate the combining 
capacity of the tissue. One cc. of the mixture was then introduced into a surviving hamster 
lung no the trachea. After incubation at 37°C. for 1 hour, the fluid was recovered from the 
lung and placed in a test tube which was held at 37°C. in a water bath. At intervals aliquots 
were removed, centrifuged, and tested for the presence of free PVAI by the hemagglutination 
technique. 

The results of such an experiment are shown in Table V. It was found 
that virus was slowly released from combination during incubation of the fluid 
recovered from the lungs. The time required for maximal release of free virus 
varied markedly from one e.xperiment to another and ranged from 2 to 20 
hours. These results indicated that fluid obtained from the intact lung could 



404 


VIRUS-COMBINING COMPONENT IN LUNG TISSUE 


cause dissociation of the virus-tissue component complex and suggested that 
one or more enzymes present in the lung might be responsible for the dis- 
sociation. 

To obtain information concerning the possibility that an enzyme might 
release virus from combination with the lung tissue component, attempts were 
made to obtain such release by means of highly purified enzymes. As above, 
crystalline trypsin is capable of destroying the virus-combining capacity of 
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lung tissue suspensions, and consequently trypsin was used in the present 
e,xperiments. Unfortunately, trypsin possesses properties which required 
careful control; not only may it cause agglutination of mouse red blood cells 
but also, as shown previously (4), it can cause destruction of the virus itself. 
The tendency to cause agglutination of mouse RBC was mhibited, as described 
above, by the addition of tr3rpsin inhibitor immediatelj’^ before hemaggluti- 
nation tests were carried out. When relatively small amounts of the enzyme 
were added to lung tissue suspensions which had been saturated with virus, and 
aliquots were tested at frequent intervals for the presence of free virus by 
means of the hemagglutination technique, reproducible results were obtained. 
As is shown by the results also presented in Table V, crystalline trypsin appears 
to be capable of releasing PVIM from combination with the lung tissue com- 
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ponent. Maxiirial hemagglutination titers were obtained after incubation of 
the mixtures for 1 to 1.5 hours at 37°C. Further incubation resulted in a 
progressive decrease in hemagglutination titer and after 4 hours’ incubation 
free virus was no longer demonstrable. The decline in titer with time is due, 
in all probability, to enzymatic destruction of the virus. It appears that the 
results of the action of trypsin, with respect to the release of PVAI from com- 
bination, resemble those obtained with fluid recovered from intact lungs and 
thereby lend support to the hypothesis that the latter results may be at- 
tributable to the action of enzymes present in the lung. 

DISCUSSION 

The results of the e.xperiments carried out in this study indicate that the 
lungs of each of the mammalian species examined, but not avian embryos as 
such, contain a component which combines firmly with PVTVI. The capacity 
of mammalian lung to combine with PVM appears to be dependent upon the 
presence of a specific tissue substance which possesses an affinity for the virus 
sufficiently striking as to be exceeded only by that of specific antibody against 
PVM. That combination between the virus and the limg tissue component is 
not merely the result of non-specific adsorption of the virus to tissue particles 
is demonstrated clearly by the fact that suspensions of mammalian tissues 
other than the lung are incapable of binding PVM. With the exception only 
of the erythrocytes of mice and hamsters the combining component appears 
to be present solely in mammalian lungs and can be demonstrated as readily 
in the intact lung as in lung tissue suspensions. 

The complex formed by combination between the lung tissue component and 
PVM is sufficiently firm and stable as not to dissociate except in the presence 
of specific antibody against the virus or following treatment by procedures 
which destroy the combining capacity of the tissue component; i.e., heat (4), 
alkali (6), or digestion with trypsin. The finding that crystalline trypsin, but 
not other enzymes, is capable of causing dissociation of the complex with 
release of free virus suggests that protein may be an essential constituent of 
the combining component. 

Evidence has been obtained which strongly suggests that the virus-binding 
component present m mammalian lungs may play a decisive role in the initiation 
of infection with PVM. Striking correlations, both qualitative and quanti- 
tative in kind, have been found between the distribution of the combining 
component among various animal species as well as among their several organs 
and susceptibihty to infection with the virus. It will be recalled that PVM is, 
according to present e\'idence, strictly pneumotropic; in no instance has it been 
possible to establish infection in an animal by any route other than the' in- 
tranasal and in no instance has it been possible to recover the virus from any 
tissue other than the lung. It appears, therefore, that the only maTnTT.:ii;^r, 
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organ which is capable of becoming infected with PViVI is that organ which, as 
distinct from others, contains a tissue component capable of combining with 
the virus. Moreover, different animal species are susceptible to infection with 
PVM in different degree. Mice and hamsters appear to be most susceptible 
and both chick and duck embryos appear to be completely insusceptible to 
infection with the virus. These species differences in susceptibility are di- 
rectly correlated with the quantity of combining component present in the 
lungs of the several species as is evident from the finding that the lungs of mice 
and hamsters contain much of the component, those of other mammalian species 
considerably less, and those of avian embryos none. 

If, as appears probable, the first step in the initiation of an infection with 
PVM is combination between the virus and the lung tissue component present 
at the periphery of susceptible cells, it may seem parado-xical that combined 
virus should be equally as infectious as free virus. Evidence obtained in this 
study seems adequate to overcome this objection to the hypothesis. It appears 
that combined virus can be dissociated by a substance present in the intact 
limg with the result that free virus is released. Inasmuch as a similar dis- 
sociation can be affected by trypsin, it seems probable that dissociation oc- 
curring in the lung may be the result of enzymatic action and that such dis- 
sociation also occurs in the lung of the living animal. Under these 
circumstances a preliminary step in the establishment of infection with 
combined virus would be splittmg of the virus-tissue component comple.^ in the 
inoculum. The free virus, released in this manner, could then recombine with 
the lung tissue component at the periphery of the susceptible cells in the lung 
of the living animal. The infectiousness of combined virus, therefore, appears 
not to be an objection to the present concept regarding the significance of the 
virus-combining component with respect to susceptibility to and the initiation 
of infection with PVM. 

Inasmuch as mouse lungs infected with PVM contain such a large excess, 
of the tissue component which combines with PVM, — at least 10 times more 
than is required to bind all of the virus,— it may appear strange that it is 
possible to obtain free virus from such lungs by any procedure. It should be 
emphasized that free infectious virus has been obtained solely from intact lungs 
or from lung slices, and not from ground lung suspensions. Moreover, although 
bronchial washings from normal mouse lungs contain the combining component, 
the concentration is not high and the quantity present is not sufficient to com- 
bine with more than about 10 per cent of the free virus present in similar 
washings from infected mouse lungs. It appears evident that much free virus 
is present in intact infected lungs and that an appreciable amount of virus in 
the free state finds its way into the bronchial lumina. It seems probable that 
much the greater part of the combining component is inaccessible to the virus 
in the intact infected lung, especially to those virus particles which during the 
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course of infection are released into the bronchi, and that, because of this, free 
virus can be obtained from such lungs provided the tissue is not ground. 

StJilMARV 

Evidence has been obtained which indicates that the lung tissues of mam- 
malian species susceptible to infection with PVM contain a specific component 
which combines with the virus. The concentration of this tissue component 
appears to be directly proportional to the suceptibility of the species; in its 
absence infection with PVM cannot be established. The available evidence 
suggests that the presence of the virus-combining component in lung tissue may 
play a decisive role in the initiation of infection with this pneumotropic virus. 
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Numerous outbreaks of gastroenteritis occurred in New York State institu- 
tions during the fall and wmter of 1946-47. The disease was characterized by 
sudden onset, with profuse diarrhea, usually accompanied by vomiting, and by 
a lack of fever. Symptoms, ordinarily persisted for about 3 days. Bacterio- 
logic examinations failed to reveal agents known to cause enteric disease and 
postmortem investigations also failed to indicate the nature of the etiologic 
agent. A search was therefore undertaken for anon-bacterial pathogen. Since 
- preliminary animal experiments were unsuccessful, hiunan volunteers were 
utilized. The illness was reproduced and transmitted in series in volunteers 
and the responsible agent was shown to be filtrable. Oral administration of 
stool suspensions or throat washings induced the disease, but inhalation of 
nebulized throat washings did not. Volunteers who were fed material from the 
third embryonated egg passage likewise remained asymptomatic. The present 
report describes these experiments. 

Epidemiologic and Clinical Features of the Disease 

The first of the series of outbreaks with which this report deals was noted in 
the summer and fall of 1946 in New York City hospital populations. Later the 
disease occiured in several large mental hospitals near the metropolitan area, 
and during the course of the winter, there were sizable outbreaks in at least 
thirteen of the twenty-four New York State mental institutions and in two 
prisons. Similar episodes are known to have affected a number of mental hospi- 
tals in Massachusetts (1). 

The specific epidemic from which material was obtained for transmission ex- 
periments occurred at the Marcy State Hospital, near Utica, New York. The 
epidenuc was typical, and thus can serve to describe the outbreaks in all the 
institutions. The disease appeared on December 16, 1946, and was at first 
largely confined to one building, where in a 2 week period two hundred sLxty-one 
of the five himdred eighty-nine patients suffered from the rliniral It 

gradually spread to each of the other buildings and by January 31, 1947, when 
the last case was noted, five hundred eighty-nine cases with seven deaths had 
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occurred among the two thousand, sbc hundred twenty-three inmates and one 
hundred fifteen cases among the three hundred fifty-four employees. The 
deaths occurred in aged or deteriorated mental patients. Within the limitation 
of the institution population there seemed to be no age or se.\: selection in the 
attack rate. The pattern of spread bore no evident relationship to the dis- 
tribution of milk, food, or water, and sanitary inspection failed to reveal faults 
that could have accounted for the outbreak. 

Thus, epidemiologic investigation indicated that these outbreaks were not 
from a common source but spread through direct person-to-person contact. 
Outbreaks occurred during the period from August, 1946, through June, 1947, 
with some tendency for grouping durhig December and Januaiy. The con- 
centration of the disease in institution populations may be more apparent than 
real. There is less precise evidence that the general population of upstate New 
York was also affected. Field studies did not indicate whether the spread oc- 
curred through the gastrointestinal or the respiratory routes. 

Clinically the patients had a rapid, sometimes dramatic onset of nausea, 
vomitmg, or diarrhea. These happenings, almost always accompanied by 
anore.via, occurred singly or in combination. Some patients never developed 
diarrhea. The vomiting was frequently une.x-pected, sudden, and violent. 
Abdominal cramps, borborygmi, headache, dizziness, and malaise were common 
symptoms. Fever was usually absent, or, if present, slight. Recovery ordi- 
narily ensued in 48 to 72 hours, but at times required a week. Respiratory 
symptoms were not evident. Leucocyte counts were witliin normal limits e.x-' 
cept in dehydrated patients. The stools were copious and watery, often justi- 
fying description as “pea soup.” Blood was rarely seen. Stool specimens from 
a total of thirty-four patients were e.vamined for bacterial pathogens by the 
methods given below; none were found.^ 

Methods of Study 

Subjects. — ^Twenty-eight men 21 to 25 years of age and six between 16 and 21 years of age 
volunteered to participate in the study. Only the adult volunteers were inoculated with 
presumably infective material; the minors received autoclaved inoculum. Thorough studies 
were carried out on each adult subject before he was accepted. These included physical exam- 
ination, chest roentgenogram, blood count, urine examination, sedimentation rate, pharyngeal 
culture, and multiple stool cultures. Each volunteer was free of recognized infectious or 
organic disease. None had had diarrhea, nausea, or vomiting during the previous year. It 
was impossible to restrict selection to individuals who had not been exposed to epidemic diar- 
rhea, since a sharp outbreak of the disease had occurred 2 months previously in an institution 

' Identical results were obtained by Dr. George C. Bower, who examined by rectal swab 
on ShigeUa-Salmonella-a.gax plates stools from five hundred eighty nine patients at Marcy 
State Hospital, and by Dr, VV. R. Strutton who examined stools from over six hundred patients 
at Rockland State Hospital. Both of these hospitals had recently done rectal swab surveys 
designed to discover all carriers of Shigella organisms. 
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fiom whicli many o£ the volunteers were drawn. Men who had suffered even trivial symp- 
toms, however, were not accepted. 

Prccauliotu for Isolation , — ^The isolation quarters consisted of two rows of eleven cubicles 
separated by a central corridor. The corridor was isolated from the rest of the institution by 
a draft-proof door. Each cubicle had an outside window and a draft-proof door to the cor- 
ridor; there were no other openings. The volunteers, quartered one to a cubicle, remain^ 
in them for the duration of each eaperiment. 

Each cubicle had ^int- and toilet facilities and each volunteer had his own set of dishes, 
which he washed himself. Food was dispensed from a cart without touching the dishes. Only 
one door was opened at a time. The precautions of a contagious pavilion were observed. 
Only the personnel conducting the eiperiment entered the quarters. 

Collection and Preparation of Inocula . — Three types of inoculum were used: fecal suspen- 
sons, throat washings, and chick embryo tissues and fluids. All were frozen within 5 to IS 
minutes after collection and stored in a dry-ice chest at approximately — 70°C. Specimens 
were thawed at 37°C. when required for inoculation. ' 

.\11 stool specimens used as inoculum were watery and further dilution was urmecessary. 
They were centrifuged for a total of 75 minutes at 3000 s.p.if. in a refrigerated horizontal 
centrifuge (radius 15.5 cm.) which was halted once to remove the supernatant fraction. The 
final supernatant, which constituted the inoculum, was clear. 

Throat washings were collected by having the donors gargle beef-infusion broth containing 
10 per cent horse serum. Subsequent clarification by centrifugation was identical with that 
of stool specimens. 

The tissues and fluids harvested from embryonated eggs were chorioallantoic membrane, 
amniotic membrane, yolk sac, amniotic fluid, and allantoic fluid. Not all of these materials 
were harvested from each egg. Tissues were ground in a mortar with alundum and made into 
a 10 per cent suspenaon (by wdght) with allantoic fluid or a mixture of amniotic and allantoic 
fluids. After light horizontal centrifugation (500-1000 E j>al) for 10 minutes, the supernatant 
was employed as inoculum. 

Inocula were kept on cracked ice if they were to be used within several hours after prepara- 
ation; for longer periods they were refrozen, stored in the dry-ice chest, and thawed immedi- 
ately before use. 

Filtration . — Material to be filtered was drawn by light suction through Coming sintered 
glass “UF” filters known to hold back bacteria (streptococci, staphylococci. Bacterium colt. 
Bacterium entcrocoliticum). The filter surfaces were prepared with broth before filtration. 
Duplicate thioglycollate, aerobic and anaerobic sterility broth, and blood-agar cultures of the 
filtrates were incubated at 37°C. for 1 month. All were sterile. 

Methods of Inoculation . — ^Two routes of inoculation, oral and respiratory, were used. Inoc- 
ulum administered by the oral route was fed in double gelatin capsules or drunk from a paper 
cup. A penicillin nebulizer^ was employed to inoculate by the respiratory’ route. The^-stem 
was a closed one; the volunteers’ lips were shut around the opening of the nebulizer and they 
exhaled into a rebreathing bag. Compressed air or compressed nitrogen was used as a source 
of pressure to nebulize the inoculum. Inoculations by nebulizer were conducted in an area 
distant from the isolation quarters, dther in the open air or in an entry-way for shelter against 
the weather. 

Observations on Experimental Subjects.— The volunteers were seen at least once day 
and s>'mptoms and signs of illness were recorded in a uniform manner. White blood counts, 
differential counts, specific gravity determinations of the blood and plasma (2), and sedimenta- 
tion rates (3) were done, and chest roentgenograms were prepared if the subject had been 


’ Distributed by the Oxygen Equipment Company, New York City. 
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inoculated by inhalation. Medication was limited to the use of barbiturates and codeine. 
Specimens of serum were collected before inoculation and at intervals thereafter. They were 
examined for antibodies to influenza viruses A and B (4) and for cold agglutinins (5) since an 
epidemic of influenza and other respiratory disease occurred in New York State during the 
course of the experiments. No rises in antibody levels were detected. 

Stool Cultures ? — Stool cultures from patients with diarrhea were made with fresh or glycero- 
lated material. Endo, eosin-methylcnc blue, bismuth sulfite, and Shigdla-Salmondla (bile 
‘salt) agar plates were streaked with each specimen, whether from a case of natural or experi- 
mental infection, and in some instances tetrathionate broth was also inoculated. 

Other Technical Procedures . — ^Technical procedures not specifically mentioned were those 
of the Division of Laboratories and Research (6). 

Experments on Transmission 

Two experiments were done. The first, a preliminary study, was intended 
to determine the relative activity of stools and throat washings. The disease 
was reproduced in three volunteers who swallowed unfiltered stool suspension, 
but not in three who inhaled throat washings. The second e.xperiment was 
designed to demonstrate whether the agent was filtrable; to extend the investi- 
gations on the infectivity of throat washings; and to test material from embry- 
onated eggs previously inoculated with infective stool. Twenty-two volunteers 
were employed in these studies, in the course of which the opportunity was 
presented of reinoculating recovered subjects, thus obtaining limited data on 
active immunity. Finally, a group of six boys were fed autoclaved stool as a 
control observation. 

Donors . — ^Two patients at Marcy State Hospital who had characteristic dis- 
ease were selected as donors. Case reports follow. 

J. H., a 35 year old female, had been in good physical health until early in the afternoon of 
January 7, 1947, when she experienced nausea and abdominal discomfort, quickly followed 
by vomiting and diarrhea. D uring the night she vomited six times and had ten watery stools. 
She complained of anorexia, dizziness, headache, weakness, and feverishness, was slightly 
dehydrated, had a temperature of 100.2'’F., and a leucocyte count of 13,850. Physical exam- 
ination was negative. Treatment was symptomatic. On the next day her symptoms abated, 
her temperature was 99.4, and the leucocyte count 10,000. She was completely recovered by 
the end of the 3rd day. Slight albununuria, the only abnormal urinary finding, was noted 
during the period of dehydration and persisted for a few days after recovery. Stool specimens 
and throat washings were collected approximately 5 hours after onset. 

C. W. was a 46 year old male also in good physical health, whose illness began suddenly 
on January 5, 1947, with diarrhea followed by nausea, vomiting, giddiness, weakness, and 
abdominal cramps. These symptoms diminished somewhat on the following day but during 
the 2nd day of illness he vomited once, had five stools, his temperature was 99.6, and the 
leucocyte count was 7,850. Physical examination showed slight edema of the uvula and hyper- 
emia of the pharynx. Anterior cervical and .axillary lymph nodes were palpable but not 
tender. He was completely recovered on the 3rd day after onset. Stool specimens and throat 
washings were collected approximately 48 hours after onset 


* The stool cultures were examined by Miss Marion B. Coleman. 
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Neither of these patients had evidence of acute respiratory infection. Repeated throat 
cultures revealed none of the commonly recognized pathogens. Roentgenograms of the chest 
were normal. Bacteriologic and parasitologic examination of multiple stool spec imen s was 
negative for known pathogens. Blood cultures, taken at the time the stools were collected, 
were sterile. 


First Experiment 

Cliidcal observatiou of six volunteers was begun 3 days before each of three 
was fed 3.6 ml. of a pool of equal parts of imfiltered stool suspension from 
J. H. and C. W. All three developed characteristic gastroenteritis; case 1 
had an incubation period of days; case 2, 2^ days; case 3, 5 daj^. Their 
illnesses closely resembled those of the donors but symptoms were considerably 
milder in case 3. 

The other three volunteers each inhaled approximately 1 mL of a nebulized 
mixture of equal parts of throat washings from J. H. and C. W. 3 days after 
inoculation of the first group. No illness resulted. 

During the experiment one of the attendants had a mild episode of diarrhea, unaccompanied 
by other symptoms, and lasting for a single day. This occurred when cases 1 and 2 first 
showed signs of illness. His contact with the volunteers during this episode lasted only for 
3 hours, and then was broken, but there was a history of exposure to a family epidemic of 
gastroenteritis 2 days previously. It was felt that the attendant’s illness was coinddental 
and imrelated to the illnesses of the volunteers. All six subjects had equivalent contact with 
the attendant, whereas only those inoculated with stool became ilk The findings in the second 
experiment supported this opinion. 

Bacteriolo^c exaimnation of the diarrheal stools of the three subjects revealed Baderiunt 
enlerocelUicum in one specimen from case 2. This organism, which has been isolated under 
circumstances wUch incriminate it as a pathogen (7, 8), is also known to occur in the absence 
of disease (8) . Its lack of etiologic significance in this study was proved by the results of the 
later experiments with filtered stool from the same patient. 

Second Experiment 

Because of the importance of detecting cross-infection, emphasized by the 
occurrence of diarrhea in the attendant, the inoculation schedule of the second 
experiment was staggered so that at all times there was a group of well, sus- 
ceptible men in the isolation quarters. Of the various inocula employed, each 
stool filtrate induced typical illness and one pool of unfiltered throat washings 
caused gastroenteritis when given by mouth; the others failed to cause disease. 
The first three men to be inoculated were fed stool filtrate on the day fol- 
lowing the quarantine of sixteen volunteers (Fig. 1). Six days later, after all 
three had become ill, nine more subjects were inoculated orally; three with 
the same stool filtrate, the other six with material from previously inoculated 
embryonated eggs. Nine days after isolation began four men inhaled un- 
filtered throat washings, and a group of six, who were newly arrived, were 
put into isolation. On the following day, three of these were fed diluted 
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Stool filtrate and three drank unfiltered throat washings. Reinoculations 
with the various materials were also done, as described below. The time 
distribution of the illnesses and their strict relation to specific inocula indicate 
that cross-infection did not occur (Figs. 1 and 2). 

Experiments with Stool Filtrates . — Stool suspensions taken in the first 3 days 
of illness from cases 1 and 2 of the first e.xperiment were filtered and equal 



3 

1 

D 

QFEDSTOOL 

3 

3 

3 

inhaled 

m THROAT 

1— 1 WASHINGS 

f FI^OERED 

3 

D 

/\ FED ECO 

V MATERIAL 

3 

3 

A fed THUOAT 
^washings 

3 

■■illness 

3 



I » I t I 


4 6 8 10 12 14 16 18 20 22 24 26 ZS 30 

DAY OF QUARANTINE 


Fig. 1. Duration of quarantine and results of inoculations of each volunteer in the second 
experiment. Occurrence of gastroenteritis is shown in black. 


portions of filtrate pooled. Capsules containing a total of 3.5 to 4.0 ml. of 
the pool were fed to each of six volunteers; three additional subjects drank 
0.05 ml. of the same inoculum diluted in 100 ml. of tap water. The nine men 
were inoculated on three different days. 

Four of the six men who took the larger dose developed typical gastroenteritis, 
but none of the three receiving 0.05 ml. became ill (Fig. 2). The following 
report illustrates a moderately severe case: 

Case 10 . — 24 year old white male was fed eight capsules contaim’ng a total of 4.0 ml. of 
pooled stool filtrate from cases 1 and 2. Approximately 48 hours later he experienced abdom- 
inal cramps and borborygmi. Within the next 12 hours the characteristic symptoms of 
anorexia, nausea, vomiting, and diarrhea developed (Fig. 3). Although symptoms were mod- 
erately severe, there was no abdominal tenderness or spasm. The leucocyte count was 7,000. 
These symptoms continued undiminished for another day during which he became somewhat 
dehydrated and had a fever (temperature 100.8°F.). Because of the indications in published 
reports that changes in the central nervous system might be assodated with this (9, 10) or 
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c;m;i-ir (11) disease eaddes, and that symptoms of vomiting and giddiness might be accounted 
for on this basis, pennisyon was obtained to perform a spinal tap at this time. The fluid was 
under normal pressure and there was one mononuclear cell per c. mm., a protein content of 
34 mg. per 100 ml., and a normal colloidal gold curve.* On the 3rd day of illness the patient 
was markedly improved, and his symptoms shortly afterward disappeared except for diarrheal 
loose stools continued for another 4 days. 
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Fig. 2. Passage scheme of the first and second experiments. Occurrence of gastroenteritis 
is shown in black. Groups of volunteers marked with an asterisk had previously been inocu- 
lated with egg material and had remained asymptomatic. 


It was previously mentioned that some spontaneous cases of gastroenteritis 
never exhibited diarrhea. One experimental case was similar. 

8 Case 7. — K 21 year old white male, also fed capsules containing 4.0 mL of pooled stool 
filtrate from cases 1 and 2, had as his first symptom precipitate vomiting 3 days later followed 
by moderate nausea and anorexia (Fig. 4). His appetite was never completely lost, however, 
nor was his nausea continuous. He vomited ten times on the 1st day, six on the 2nd, three 
on the 3rd, and recovered on the 4th day after onset. During this time he was constipated. 
Temperature was normal and abdominal examination negative. Reinoculated with a second 
equal dose of the same inoculum 10 daj-s after onset, he remained welL 

To demonstrate whether the gastroenteritis caused by unheated filtrate was 
due to a heat-resistant component of the stool or perhaps to the ingestion of the 

* The spinal fluid e x a m ination was performed by Dr. Carl Lange. 
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Fig. 3. Case 10. Clinical chart of patient with csperimentally induced gastroenteritis. 



Fig. 4. Case 7. Clinical chart of patient with experimentally induced gastroepteritisjjno 
diarrhea. 

capsules as such, a specimen of the pooled stool filtrate from cases 1 and 2 was 
autoclaved for 20 minutes at 15 pounds’ pressure and capsules containing 3.5 
ml. of it were fed to each of six boys aged 16 to 21. None subsequently became 
ill. 

The experiments with fecal filtrate showed that the agent was non-bacterial, 
and that the effective dose probably lay between 0.05 and 4.0 ml. of pooled fil- 
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trate from cases 1 and 2. There was no certainty that the symptoms were not 
caused by a filtrable toxin produced by bacteria and a second passage was done 
to settle this point. 

Since dilution of the original 4.0 ml. of inoculum in the voluminous watery stools of the 
reopients was far greater thnn the SO-fold difference between the 4.0 ml. effective dose and the 
0.05 ml. ineffective dose, a tosin would be diluted beyond the point of causing symptoms. 
Pooled fecal filtrate from cases 8 and 10, whose illnesses were induced by 4.0 ml. of pooled 
filtrate from cases 1 and 2, was therefore fed in 6.0 ml. amounts to each of three men‘ (Pig. 
2). Two (cases 8 and 10) developed typical gastroenteritis, indicating that the agent had 
multiplied and was not a toxin ingested by the original cases. 


TABLE I 

Resulfi of First and Second Jnoctdalions with Pooled Fecal Filtrate from Cases 1 and 2 



Results of inoculstioos 

Time 

Cue No. 

First 

Secoad 

Between 

inocnlationi 

Between onset 
and second 
inocoUtioa 




days 

days 

7 

Gastroenteritis 

No illness 

12 

10 

8 

(C 

<( <( 

12 

9 

9 

tt 

(( (( 

12 

8 

11 

No illness 

Gastroenteritis 

9 

0 

12 

tc U 

No illness 

9 

0 


It was possible to reinoculate five of the six men who were fed 4 ml. of stool 
filtrate from cases 1 and 2, thus securing limited data concerning the develop- 
ment of active immunity. Since circumstances did not permit delay, the volun- 
teers were reinoculated 9 to 12 days after the first inoculation (Table I). The 
second dose was 4 to 5 ml. of the same filtrate. Typical gastroenteritis followed 
in one of the two subjects who had failed to contract the disease the first time. 
The others remained asymptomatic. A single loose stool was reported by one 
volunteer but since other symptoms were absent, it was considered to be of 
little significance. The findings suggest that active immuni ty may develop 
within 10 days after onset of the disease (Table I), but results of immunity tests 
in such a small group with an inoculum of unknown degree of infectivity must 
be interpreted with great caution. 

Incubation Period and Symptomatology . — For analysis of the range and 
average duration of the incubation periods and several of the symptoms, 
data from the three cases induced by imfiltered stool in the first experiment 
have been added to those obtained from the seven cases induced by filtered 
stool in the second experiment. The mean incubation period of the ten 

‘ These subjects had previously inhaled pooled nebulized throat washings from mw; i ^nd 
2 and had re main ed well. Further details are given subsequently. 
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cases was 3 days; it ranged from 1 to 5 days. Vomiting occurred in four of 
the ten cases, and lasted for no more than 3 days. In contrast, seven of 
nine cases still had loose stools 4 days after onset, and in one instance this 
symptom persisted for a week. Borborygmi and abdominal cramps were a 
constant accompaniment of diarrhea. Leucocyte counts, sedimentation rates, 
and blood and plasma specific gravities were normal. 

Experiments with Throat Washings. — The failure of nebulized throat wash- 
ings to induce gastroenteritis when inhaled by three subjects during the first 
experiment could have been due either to lack of activity of the inoculum 
or to non-transmissibility of the disease by the respiratory route. To in- 
vestigate these points, throat washings were administered orally in the second 
experiment as well as by inhalation. 

Garglings from cases 1 and 2, taken in the first 3 days of illness, i.e. during the same period 
as the stool inocula were obtained, were centrifuged and the pooled supernatant set aside as 
inoculum. Cultures revealed the following org anisms to be present in it: alpha and gamma 
streptococci, Staphylococcus aureus. Gram-negative coed, and diphtheroids. The latter 
organisms were not further identified. Four subjects each inhaled a total of 1.5 to 2.0 ml. of 
nebulized inoculum (Fig. 2). Three others each drank 8 ml. and swallowed capsules contain- 
ing 2 ml., a total dose of 10 ml. 

The four volunteers who inhaled the inoculum remained well and had normal roentgeno- 
grams of the chest; and as mentioned previously, when three of them were subsequently fed 
fecal filtrate, two proved to be susceptible. Of the three men who swallowed 10 ml. of wash- 
ings, two devdoped gastroenteritis, the incubation period being 2 days in each instance. These 
patients had very brief and mild illnesses. One had only diarrhea, the other had anorexia, 
nausea, and vomiting as well. Both reported “blood” in their stools, but as the reliability of 
their observations was questionable and as no blood was seen by the personnel conducting 
the experiments, this point remains in doubt. 

Six other volunteers were fed throat washings. The men had been previously inoculated 
with embryonated egg material, as reported bdow, and had remained well. Since the pools 
of washings from cases 1 and 2 were exhausted, a pool from cases 7 and 10 was utilized. Three 
received 2.0 ml. of unfiltered washings in capsules, the other three were similarly given 3.5 
to 4.0 ml. of the corresponding filtrate. None became ill. 

Experiments with Inocula jrom Embryonated Hens' Eggs^. — series of blind 
passages in embryonated hens’ eggs (White Leghorn) originally inoculated 
with stool suspensions by various methods were not productive of unequivocal 
signs of infection. Irregular deaths of embryos from the 1st to the 9th day 
after inoculation, a few hemorrhages into various tissues, and edema and ulcera- 
tion of some chorioallantoic membranes were noted. These phenomena were 
not reproducible in series and are known to occur in uninfected eggs (12). A 
virus (e.g., mumps (13)) may grow in eggs in the absence of lesions, however, 
and since immimologic methods of testing were unavailable, a second series of 
passages were carried out for the specific purpose of inoculating volunteers with 
pooled tissue extracts and extraembiyonic fluids from selected eggs. 

* Dr. Lisbeth M. Kraft aided in this phase of the work. 
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All eggs were incubated at 35-31°C. both before and after inoculation. The inoculum was 
unfiltered stool from donor J. H., which had been fed to volunteers in the first eaperimenL 
That each of these three developed the disease suggested that the inoculum might contain 
enough of the etiologic agent to inhi bit growth through an autointerference effect (14) . There- 
fore, duplicate passage series by each route of inoculation were initiated with both undiluted 
and 10“^ broth dilution of the imfiltered stool suspension. Three serial passages were carried 
out by each of three routes: yolk sac, amniolic sac, and chorioallantoic membrane, using 
embrj-os of differing ages (Table If) . Yolk fluid and sac were harvested from eggs inoculated 
into the yolk sac after 6 to 7 days of incubation. Those injected by the other two routes were 
harvested at intervals ranging from 3 to 7 days after inoculation. The amniotic membrane. 


TABLE n 

Ifelhods Employed in Passaging Embryonated Eggs 


Houte of inoculation 

Age of 
embryos 

Original inoculum 

Harvest 

Dilution 

Dose 

Day 

Tisaue 

Fluid 


days 


ml. 




Yolk sac 

6-7 

Undiluted 

0.5 

6-7 

Yolk sac 

Yolk 



10-1 

0.5 

6-7 

tt U 

tt 

Amniotic sac | 

11-12 

Undiluted 

0.2 

3-6 

Amniotic mem- 

Amniotic 






brane and em- 




10-1 

0.2 

3-6 

bryo 

(t tt 

« 

Chorioallantoic 

11-12 

Undiluted 

0.2 

4r-7 

Chorioallantoic 

Allantoic 

membrane 





membrane 




10-1 

0.2 

4-7 

(( tc 1 

tt 


embrj'o, and ammotic fluid were taken from amniotically inoculated eggs, but only the chorio- 
allantoic membrane and allantoic fluid were taken from those inoculated on the membrane. 
Ten to 20 per cent (by weight) suspensions of tissues, made up in the respective fluids har- 
vested, were utilized for passage inocula. Penicillin and streptomycin, 100 units of t ^rh per 
egg, were miied with the origimil stool suspension and all passage inocula, cultures of which 
yielded no growth in sterility broth and thioglycollate mitti'iiTn 

In general the distribution of deaths and the minor anatomical changes observed in thic 
group of eggs resembled those found in the previous group. There was no pattern 

of deaths or lesions. Tissues and fluids from dead eggs or those which showed lesions, however, 
were included in each inoculum. 

The harvest of the third serial passage was employed to inoculate volunteers. A pool of 
the yolk sac and amniotic sac harvests was made and each of three volunteers given 4 to 5 
ml. of the mixture to drink. Three others each drank an equal amount of the harvest from 
the chorioallantoic membrane eggs. All six remained sj-mptom-free, and reinoculation with 
the same pools 4 days later likewise had no effect. 

DISCUSSION 

In the great majority of outbreaks of gastroenteritis which have been in- 
vestigated by the Nevr York State Department of Health in the last two dec- 
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acles, the recognized methods of bacteriologic investigation have failed to reveal 
the etiologic agent (15). This is particularly true of those epidemics in which 
afebrile attacks are the rule. 

Reimann, Price, and Hodges (16) have reported experiments in human volunteers which 
suggested that the incitant of a clinically similar disease was present in filtered throat washings 
and fecal suspensions of patients and could be transmitted by the respiratory but not by the 
alimentary route. Their investigations were carried out without precautions for isolation 
during the course of a natiural epidemic (17). Within a few hours after collection of specimens 
of stool or throat washing, Mandlcr filtrates were inoculated by the respiratory or alimentary 
routes. The inoculations were done on 6 different days so that presumably the inoculum 
came from at least six different donors. The effects of inocula from each donor were not 
specifically given, but over half of fifty-three men who inhaled nebulized filtered stool or 
throat washings developed gastroenteritis. Incubation periods varied between 1 and 21 days. 
There was no illness among fifteen subjects who swallowed capsules containing a total of 3 
ml. of filtered washings or the four who similarly took an equal dose of stool filtrates. 

It appears not unlikely that different etiologic agents were responsible for the 
disease studied by Reimann and his colleagues, and that described in this paper. 
The variations in epidemiologic and clinical pattern of outbreaks investigated 
by this Department suggest that gastroenteritis may be caused by more than 
one unrecognized agent. This might e.'qjlain the discrepancies between the 
respective results. Technical factors, however, may be responsible. 

Hodges (18) found that penicillin and streptomycin inhibited bacterial growth 
in embryonated eggs inoculated amniotically with centrifuged unfiltered stool 
specimens. The present studies confirm this observation; in addition, they 
demonstrate that it is also true of eggs inoculated by the yolk sac or the chorio- 
allantoic membrane. The etiologic agent of epidemic gastroenteritis appar- 
ently did not multiply in eggs inoculated by these methods, since hiunan volun- 
teers fed tissue extracts and extraembryonic fluids from third passage eggs 
remained asymptomatic. Possibly the penicillin or streptomycin inactivated 
the agent. Penicillin inhibits the growth of psittacosis virus in chick embryos 
(19) for example, although some viruses propagate well in the presence of both 
antibiotics. 

The demonstration that the causative agent of the form of epidemic gas- 
troenteritis here described is present in fecal filtrates and that the disease is 
readily reproduced in volunteers by oral inoculation should be helpful in orient- 
ing further epidemiologic studies and in attempts to estabfish the agent in ex- 
perimental animals. Full identification of the agent awaits the successful 
completion of such studies. 


SUMMARY 

Epidemic gastroenteritis was transmitted to human volunteers by the oral 
administration of fecal filtrates. The original inocula were obtained from 
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patients in a natiiral outbreak which occurred at Marcy State Hospital in the 
winter of 1946-47. The experimental disease closely resembled that of the 
donors. The incubation period ranged from 1 to 5 days, with a mean of 3 
days. The disease was carried through three generations, in the last two by 
means of fecal filtrates. 

Oral administration of unfiltered throat washings from experimental cases 
of the disease likewise induced gastroenteritis but subjects who inhaled a 
portion of the same throat washings remained asymptomatic. Volunteers 
who inhaled throat washings taken from patients in the epidemic at Marcy 
State Hospital also failed to develop the disease. 

Five volunteers who had previously been inoculated with fecal filtrates were 
reinoculated with the same material. Gastroenteritis followed in one of the 
two subjects who had failed to contract the disease the first time. The others 
remained well. 

Embryonated hens’ eggs were inoculated with one of the two unfiltered stool 
suspensions used in the pool which had induced gastroenteritis in each of the 
three volunteers to whom it was fed. Three sets of eggs were inoculated: one 
on the chorioallantoic membrane, another into the yolk sac, and a third into 
the amniotic sac. Three serial passages were carried out by each method at 
varying time intervals. Penicillin and streptomycin were employed as anti- 
bacterial agents. Tissue and extraembiyonic fluids from the third passage 
were non-infective for volunteers. 

These eiperiments were done at the New York State Vocational Institution, West Cox- 
saclde, New York. We wish to express our gratitude to J. A. Lyons, Conunisdoner o£ Correc- 
tion; to D. D. Scarborough, Superintendent, J. P. Conboy, Asastant Superintendent, and 
Dr. A. J. Flood, Senior Phyacian, of the Vocational Institution, and to their respective Etafis, 
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Previous studies (1, 2) have shown that the mechanism of infection of 
susceptible host cells by influenza virus can be divided into at least four sepa- 
rate phases: (I) the adsorption of the virus onto the host cells (2-4); (11) the 
development of changes in the host cells which alter their function (decrease 
or discontinuation of host cell multiplication) (2) and exclude certain other 
viruses from the cells (interference phenomenon) (5-9) — changes which are 
possibly concomitant with entrance of the virus into the host cells; (m) 
inaease of the virus in association with the cell; and (IV) release of the newly 
formed virus from the infected tissue to spread the infection to other sus- 
ceptible cells. 

More is known about the first and second phases than about the third and 
fourth, especially if one includes the available information on the hemagglu- 
tmation phenomenon in phase I. The present study has therefore been 
directed chiefly toward an analysis of the later steps in the infectious process, 
the intracellular propagation of the virus and its release from the infected 
cells. Attempts were made to obtain “one-step growth curves”^ s imila r to 
those reported for the propagation of bacterial viruses by Ellis and Delbriick 
(10) and Delbriick and Luria (11). The technic used by these authors had to 
be modified for application to the chick embry^o-influenza virus system. With 
these modifications the experiments have revealed that multiplication of the 
influenza viruses is based apparently on general principles similar to those 
affecting the propagation of the bacterial viruses. 

Methods and Materials 

Seed Culiuie of Virus . — The PR8 strain of influenza A. and the lee strain of influenza B 
■were employed in these experiments. The agents were passed by the allantoic route in high 

* The work described in this paper has been supported by a grant-in-aid from the U. S. 
PubHc Health Service. 

^ .4. one-step growth curve represents a single cycle in the inaease in virus after infection 
of a susceptible host. By means of it one can estimate the yield of virus from a given num- 
ber of host cells, all of them infected within a period of time purposely limited to allow for 
the association of the infectious agent with the cells. 
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dilution (10~^) to 10 day old chick cmbrj'os by a technic previously described (6). After 
48 hours of incubation at 36 to 37°C. the allantoic fluids were collected and stored in small 
volumes in glass-scaled ampules in a dry-ice cabinet. The seed culture was rapidly thawed 
immediately before use. 

General Growlh Curve Technic , — Adequate numbers of 11 or 12 day old chick embryos 
(the older embryos were found to be tlic more satisfactory) were inoculated with 0.2 ml. of 
suitably diluted seed culture by the .allantoic route (usually 10**-* for PR8 and 10“*-'’ for Lee) 
and returned to the incubator. Further injections, which will be described in the text, were 
given in 0.5 ml. amounts. Groups of five to six of tire inoculated embryos for each exper- 
imental series were removed from the incubator at given time intervals and 3 to 4 ml. aliquots 
of allantoic fluid were withdrawn by needle and syringe from each of the eggs without pre- 
vious chilling. The blood-free samples were pooled according to groups. The remainder 
of the allantoic fluids was poured off into a graduated cylinder with precautions to avoid 
rupture of the amnion or yolk sac. The average volume of allantoic fluid per egg was thus 
determined. The fluids were kept at -l^C. until the last groups were harvested. The prepa- 
rations were then assayed for their content of active virus by titration in 10 day old chick 
embryos. Repetition of titrations of some of the fluids which had been stored at 4®C. for 

I week agreed well with the titers originally obtained. 

Titration of Virus . — The allantoic fluids were diluted in multiples of ten with brain-heart 
infusion broth to which 100 units of penicillin and 50 gamma of streptomycin had been added 
per ml. This precaution was taken since the nature of the experiments did not permit ade- 
quate tests for bacteriological sterility prior to the titration. The diluted materials were 
injected in 0.5 ml. amounts into the allantoic cavity of groups of five normal; 10 day old 
chick embryos. After incubation for 72 hours at 36-37°C. the individual allantoic fluids 
from these embryos were harvested and tested for their capadty to agglutinate chicken 
et 3 'throcytes. To 0.4 ml. of fluid, 0.2 ml. of a 1 per cent suspension of thrice washed chicken 
red cells was added. The test mixture was incubated at 4'’C. and read in terms of the pat- 
tern formed by the cells at the bottom of the tubes (12). The 50 per cent infectivity end 
point was determined according to the results of the hemagglutination test by the method of 
Reed and Muench. 

Irradiation of Virus . — ^The infected allantoic fluids were dialyzed for 24 hours in cellophane 
bags against buffered saline solution of pH 7.0 in the appro.ximate ratio of one part of fluid 
to twenty parts of saline solution, with repeated stirring of the bath, in order to remove the 
greater part of the urates (6). The dialyzed fluids were next exposed to ultraviolet light 
according to a method previously described (6). They were assayed for their interfering and 
hemagglutinating capacities as also outlined previously (1). 

EXPERIMENTAL 

Growth Curves of Influenza Viruses in Untreated Chick Embryos 

Injection of 1000 to 10,000 IDeo of influenza virus into the allantoic sac of 

II to 12 day old chick embryos did not lead to complete adsorption of the 
virus onto the cells lining the allantoic sac, a certain amount of the virus, 
usually between 10 and 30 per cent, remaining free in the allantoic fluid. 
With the establishment of equilibrium in ^ to 1 hour, the residual free amount 
of virus remained constant for a variable number of hours, depending on the 
strain of- virus used. In the case of the PR8 strain of influenza A, 6 hours 
elapsed after injection, and with the Lee strain of influenza B, 9 to 10 hours 
before the concentration of virus in the allantoic fluid commenced to rise. 
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In some experiments the increase in titer during the next few hours was quite 
rapid, then lessened and rose agam steeply later, suggesting a certain peri- 
odicity in virus production. In other instances the quantities of active virus 
increased only very slowly. Figs. 1 and 2 summarize the results of several 
experiments each with the PR8 and Lee strains. The mean values found in 
the allantoic fluids at various hours after infection have been linked by solid 
lines. 





Fig. 1. Inciease in the PR8 strain of influenza A vims in chick embrj'os (five experiments) . 
The mean titers are indicated by the open circles. 

These data suggested that the virus increased in association with the cells 
for about 6 hours in the case of the PR8 strain, and for about 9 hours in the 
case of the Lee strain before the newly formed agents were released from the 
injected cells. Thereafter the flndings became quite irregular. This varia- 
bility was presumed to be due to a Amrying degree of additional adsorption of 
freshly released virus onto susceptible cells, and hence the apparent titer was 
not considered an indication of the actual amount of virus produced. This 
conception was borne out by the experiments described in the next section. 

The Effect of Heterologous Irradiated Virus on the Growth Curve of 

Influenza Virus 

The variations just mentioned have been largely excluded by an adaptation 
of the “one-step growth technic” already mentioned, which had been de- 
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veloped for the study of bacterial viruses (10, 11). By this technic bacteria 
are e.xposed for a brief period to sufficient bacteriophage to infect most of 
them with a single particle. Further infection is then checked by dilution. 
In the supernate of centrifuged aliquots of the infected bacterial suspensions 
the amount of free virus is determined by the plaque method. The suspension 
is then incubated and aliquots are tested at intervals for the “infectious centers” 
present. For a certain fixed period, depending on the bacteriophage used, the 
number of plaques remains constant. During this constant period the virus is 



Fig. 2. Increase in the Lee strain of influenza B virus in chick embryos (four experiments). 
The mean titers are indicated by the open circles. 

multiplying within the host. Then there is a sudden rapid increase in the 
amount of detectable virus, followed by a new plateau. From the data ob- 
tained, it is possible to estimate the yield of virus per bacterium. 

This technic obviously could not be applied without modifications to the 
chick embryo-influenza virus system. The following procedure was adopted. — 

To obtain "single infection” of cells small doses of active virus were injected at 
the onset of the experiments; i.c., usually 1000 to 10,000 IDso. Then, to interrupt 
the process of adsorption and to prevent further infection of susceptible cells a second 
injection was given consisting of 0.5 ml. of allantoic fluid containing irradiated htt- 
erologous virus. This was sufficient to produce the interference phenomenon in all 
remaining susceptible cells (6) and to reduce, if not prevent, further adsorption of 
active virus from the seed culture as well as from the yield. The allantoic fluids of 
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groups of five to six eggs thus treated were harvested at various time intervals and 
the content of active virus was assayed by titration in 10 day old chick embryos. 

The assumption that the relatively large amounts of irradiated heterologous virus 
would decrease or prevent the adsorption of the relatively low concentrations of 
newly formed virus upon release from the infected cells was based on experiments 
reported in previous publications (1, 2, 6). These earlier data were obtained mainly 
by using the hemagglutination reaction, which, however, permits detecting the ad- 
sorption of only fairly large amounts of virus. Some direct titrations of infectivity 
for chick embryos were required, therefore, to determine the adsorption of relatively 
small quantities of virus. Accordingly, groups of 11 day old chick embryos were 
injected with either 0.5 ml. of irradiated preparations of virus, or with normal allantoic 
fluid. Three hours later, a second injection of about 10* to 10* ID so of active homol- 
ogous or heterologous virus was given. The allantoic fluids of these eggs were col- 
lected after further incubation of 2 to 3 hours and pooled according to groups. The 
infective titers for chick embryos of these fluids multiplied by the volume of allantoic 
fluid collected represented the total recovery. A comparison of this quantity with 
the total amount of virus injected revealed no significant decrease of virus if the 
eggs had been injected previously with irradiated virus, in contrast to the markedly 
lower recovery of virus in those groups which had received normal allantoic fluid 
prior to injection. 

Examples of the results of the procedure are shown in Table 1. They 
confirm the previous finding that there is little, if any, adsorption of active 
virus in the allantoic sac of eggs previously injected with large amounts of 
the irradiated agents. 

Using the technic as described, “one-step growth curves” were obtained 
which resembled closely those of bacterial viruses. As can be seen in Figs. 
3 and 4, the content of active virus in the allantoic fluids remained constant 
for 6 to 9 hours, respectively, depending on whether the PR8 or Lee strains 
were studied. This amount represented non-adsorbed virus from the in- 
oculum. Thereafter, the concentration of active virus rose steeply for 2 hours 
in the case of the PR8, and for 2 to 3 hours in the case of the Lee strain. From 
then on the active virus titer remained on this higher plateau up to the 24th 
hour after infection, when the experiments were terminated. The figures 
show the data of five separate experiments each, with closely similar concen- 
trations of active seed virus. The means for the various determinations are 
connected by the solid lines. A comparison of Figs. 1 and 3, and Figs. 2 and 
4, gives emphasis to the supposition that in the absence of blocking by heter- 
ologous irradiated virus, some of the newly formed active \nrus is adsorbed 
onto the allantoic sac upon its release from the cells. 

Varying the concentration of active virus in the inoculum over a wide ran'^e 
did not result in significant alterations in the “one-step growth cuiv'es.” 
The constant period for the PR8 strain remained 6 hours, as seen in Fi^^. 5. 
Similar results were obtained with the Lee strain except that in this case the 
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TABLE I 


Prevention of Adsorption oj Active Virus by the Injection oj Irradiated Virus 

Prior to Infution 


1st Injection 

Ind Injection 


Result of harvest 

Irradiated allantoic 
duid 

Active virus 

IBit I 

Allantoic 

duid 

XDM/mi* 

Total IDh 
recovered 

PR8 

PR8 

10S.S4 

ml. 

7.6 

IQiau 

lO*-" 

Lee 

PR8 

10»« 

9,2 

10‘« 

lO*** 

Normal 

PR8 

KP-M 


IQt.U 

104.7S 

PR8 

Lee 



10<-« 

10* •« 

Lee 

Lee 

HBI 


I0<-“ 

10* ■« 

Normal 

Lee 


m 

10* 

lOraJ 



Eig. 3. One-step growth curve of the PR8 strain of influenza A (five experiments). The 
mean titers are indicated by the open circles. 



Fig. 4. One-step growth curve of the Lee strain of influenza B (five experiments). The 
mean titers are indicated by the open circles. 
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constant period was regularly 9 hours. When 10'"® IDta of active PR8 virus 
were injected the titrations of the harvests had to be begun with undiluted 
allantoic fluids. These, however, contained suffident concentrations of non- 
adsorbed irradiated heterologous virus (Lee) to cause interference m the low 
dilutions of the titrations. It was necessary, therefore, to add to the dilutions 
of the harvested allantoic fluids rabbit anti-Lee serum to prevent the inter- 
fering effect. The serum did not apparently influence the increase in quantity 
of the active PR8 virus. > 



0^46.6 10 UH £4 

Hours oXtcr infection 


Fig. 5. One«step growth curves following injection of various concentrations of active 
virus. 

The "one-step growth curves” were practically alike when either the usual 
amounts of heterologous virus (undiluted allantoic fluid) or five times that 
amount of virus (concentrated by high-speed centrifugation) were injected 
one-half hour after infection. The individual end points of the various titra- 
tions did not differ significantly except for the slight variations inherent in the 
reaction. Such experiments furnished additional evidence that the amount of 
heterologous irradiated virus injected in the various tests describedin this paper 
was sufficient to prevent extensive adsorption of the freshly released virus. 
Upon five-fold dilution, on the other hand, the amoimt of heterologous irra- 
diated virus was insufficient to prevent additional adsorption. 

In one experiment, the interval between infection and administration of the 
irradiated virus was varied and its effect on the “one-step growth curve” 
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studied. The embryos were infected with active PR8 virus and received 
irradiated Lee virus, 1, 3, and 6 hours after infection. The “one-step growth 
curves” for the 1 and 3 hour series were practically alike. However, after 6 



Fig. 6. Growth curves followbg injection of irradiated heterologous virus at various hours 
after infection. 

hours, the heterologous virus was given at the beginning of the first step and 
consequently some further cells became infected during the period before the 
irradiated virus was injected. Thus, the plateau finally reached was appro.xi- 
mately 100-fold higher than that obtained in the 1 and 3 hour groups. This 
e.Kperiment is summarized in Fig. 6. 

From the data presented in Figs. 3 and 4, attempts were made to calculate 
the quantities of virus produced. 

The calculations were necessarily hampered by the inaccuracies inlierent in the 
methods of virus assay and, to a lesser extent, by the technical difficulties in the 
quantitative collection of allantoic fluid. However, when the various experiments 
were combined which involved comparable amounts of virus as inoculum, although 
from different seed cultures (PR8) or similar dilutions of the same seed cultures 
(Lee), the calculations gave some information at least as to the order of magnitude 
of the production of virus in the cells of the allantoic sac. The calculations shown 
in Table II summarize five e.xperiments each with the two respective strains. With 
each experiment the seed was titrated by the injection of tenfold dilutions into eight 
to ten eggs each. The amount injected in the experiments was calculated from the 
results of these titrations. The free virus in the allantoic fluids during the constant 
period represented virus from the inoculum which had not been adsorbed. This 
amount has been calculated by multiplying the mean IDso per ml. during the first 
6 hours in the case of the PR8 virus, and during the first 9 hours in the case of the 
Lee strain, with the average volume of allantoic fluid harvested. This value sub- 
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iracted from the inoculum constituted the amount of virus adsorbed. The average 
total amount of virus after the step. (10 to 24 hours after infection with PR8, and 12 
to 24 hours after administration of active Lee virus) minus the active virus found 
in the allantoic fluid during the constant period represented the amount of virus pro- 
duced. This value divided by the IDsa adsorbed corresponds to the number of 
IDso produced per one IDso adsorbed. As can be seen in Table If, these values 
fell between 45 and 79, with an average of 63 in the case of PR8 virus, and between 
25 and 55, with an average of 36, for the Lee virus. 

In view of the variations already described, the apparent difference in yield 
of PR8 and Lee viruses cannot be taken as absolute and it is possible that a 

TABLE n 


Cdcidation of Yield of Virus (Fite Experiments Each) 



' PR8 ODii) 


Lee (IDu) 


Avenge 

Kftnge 

Avenge 

Range 

(1) Inoculum 

(2) Recovered during con- 

1540 

1200- 2000 

5250 

4000- 7900 

slant period 

600 

300- 1000 

1100 

1000- 1250 

(3) Adsorbed; (l)-(2) 

940 

590- 1500 


3000- 6800 

(4) Recovered after the step. . 


32,500-96,000 

149,000 

106,000-230,000 

(5) Total produced; (4)-(2).. . 

ID” produced (5) 

° ID” adsorbed’ (3) 


32,010-95,500 

147,900 

105,000-228,900 


45- 79 

36 

25- 55 


larger series of tests would have lessened these differences. As pointed out, the 
calculations should be taken only as an indication of the order of magnitude of 
virus production. 

Depression of Yield of Virus by the Homologous Irradiated Agent 

The earlier experiments were conducted with heterologous irradiated virus 
because it was anticipated that under certain conditions the interfering effect 
of the non-adsorbed irradiated virus would have to be neutralized by immime 
serum, as discussed above. This turned out to be a more fortunate choice 
than anticipated because it was found, subsequently, that homologous irra- 
diated virus exerted a marked depressing effect on the step size in the growth 
curve experiments. As can be seen in Figs. 7 and 8, the step in the PR8 tests 
(two experiments) was strikingly delayed and decreased in size. In the four 
Lee experiments no step occurred in two, and only a slight rise in virus titer in 
the others. These experiments were performed simultaneously with tests in 
which heterologous irradiated virus was utilized, and the fluids giving the 
depressor effect were tested against heterologous active virus. Both tests gave 
the usual one-step cur%’es. Thus it is apparent that homologous irradiated 










432 


GROWTH CURVES OF INFLUENZA VIRUSES 


virus may have a profound effect on the production of active virus in cells 
which had been infected prior to the administration of the irradiated agent, or 



Fio. 7. Depression of the yield of virus by homolosous irradiated virus (two PR8 eaper- 
iments). 



Fig. 8. Depression of the yield of virus by homologous irradiated virus (four Lee esper- 
iments). The results of tests utilizing the homologous irradiated virus are indicated by the 
various triangles; of those utilizing the heterologous irradiated virus by the various circles. 

its release from such elements. This effect is not shared by heterologous 
irradiated virus. 

The degree of depression in the yield of virus by homologous irradiated virus 
decreased gradually with the increase in the interval between infection and 
administration of the inactivated agent. Fig. 9 shows the results of an e.xperi- 
ment with the Lee strain. It is to be noted that the size of the step increased 
gradually, but even when injected 4 hours after infection homologous irradiated 
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virus still depressed the yield to some extent. When given after 6 hours a 
one-step growth curve was obtained similar to that noted following injection of 
heterologous irradiated virus 1 hour after infection. 



Fig. 9. Depression of the yield of active virus by homologous irradiated virus injected 
at various hours after infection. 



Fig. 10. Depression of the yield of active virus by decreasing amounts of homologous 
irradiated virus. 

The inhibitory effect of the homologous inactivated agent still was very 
marked when the irradiated allantoic fluid was diluted fivefold before injection. 
Upon further dilution in fivefold steps the effect decreased, as shown in Fig. 10 
and the growth curve finally became comparable to those obtained in untreated 
chick embryos (Fig. 2.). 

The agent responsible for the decrease in yield of virus was sedimentable 
together with that responsible for the hemagglutinating property, by centrifugal 
tion of the preparation at 20,000 r.pai. for 20 minutes. The supernatant fluid 
was ineffective in that it failed to depress the yield of active virus and the 
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growth curves resembled those sliown in Figs. 1 and 2, obtained with infected 
eggs which received no further treatment. Irradiation of the homologous virus 
for prolonged periods of time likewise eliminated the inhibitory effect. In this 
case the interfering capacity had been destroyed by the irradiation but the 
hemagglutinating capacity was left partially intact (1). 

It has not been possible as yet to determine whether the inhibitory effect is 
consequent on reduction of the amount of increase of the virus, associated with 
cells, or whether it is due to prevention or delay in its liberation. However, an 
e.xperiment with the Lee stram carried over IS hours did not disclose a delayed 
rise in virus titer. Longer intervals have not been tested. Attempts to de- 
termine the amounts of active virus in suspensions of carefully washed allantoic 
sacs harvested at various interv'als after infection did not meet with success: 
only irregular results were obtained. 

DISCUSSION 

In a previous publication (2) it has been pointed out that there e.xist striking 
similarities between certain bacterial viruses and the agents of epidemic 
influenza in their host-virus interrelationships. These similarities were appar- 
ent in the conditions of adsorption of the viruses onto the host cells, the various 
aspects of the interference phenomenon between the inactivated agents and the 
active viruses, and the effects of the agents on the functions involving the 
propagation and metabolism of the host cells. The present study e.xtends this 
agreement to the general appearance of the growth curv’es given by these 
agents. After entrance of the virus into the host bacterium, it multiplied within 
for a definite period of time which was found to be characteristic for each strain 
of bacterial virus studied (11). This period of propagation in association with 
the cell seems, likewise, characteristically different for the influenza viruses. 
In the case of the PRS strain, it lasts about 6 hours, and in that of the Lee 
virus, about 9 hours. A few preliminary tests with other strains of influenza 
virus indicated that they may require shorter, or intermediate, periods of time 
for intracellular multiplication. 

No information is available as to what happens within the cells during this 
latent period. Attempts to demonstrate a rise in the content of virus in sus- 
pensions of emulsified allantoic sacs harvested during the latent period have 
failed to produce reliable results, partly on account of teclmical difficulties such 
as mcomplete liberation of the virus from the tissue and adsorption of the virus 
onto tissue debris, red cells, etc., partly, perhaps, for biological reasons; i.e., the 
virus may pass through developmental stages in which it lacks infectivity as 
yet, and therefore cannot be demonstrated by the available technics. 

At the end of the period of propagation the newly developed virus is released 
from the infected cells. This period is relatively short in the case of the bac- 
terial viruses (11), which is in keeping with their faster growth cycle. In the 
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influenza tests, this period lasts for 2 to 3 hours until all tlie virus to be released 
from the infected cells has come away into the allantoic fluid. The amount of 
bacterial virus produced under standard conditions of culture of the host cells is 
again characteristic of the individual strain of virus (11). It is not possible, as 
yet, to make a similar statement in regard to the influenza viruses, since the 
technics of virus assay are not sensitive enough. The use of five chick embryos 
per dilution in infectivity titrations leads to results which maybe accurate within 
log 0.6 (13), and the accuracy of such titrations can be increased by the use of 
greater numbers of eggs per dilution or by performing a greater number of 
parallel titrations and determinations of the mean. The present experiments 
gave practically the same results as this latter method since all titrations of the 
allantoic fluids obtained during the constant period, and again of those collected 
after the plateau was reached, could be combined for the final evaluation. In 
addition the Lee e.xperiments were all conducted with the same seed culture 
using the same dilution, so that the results of the five tests could be combined. 
In consequence the calculations gain somewhat in accuracj\ However, all that 
can be said at present is that the number of EDm of influenza virus produced per 
one IDso adsorbed is of the order of 50. It is possible that the yield of PRS 
virus exceeds somewhat that of the Lee strain. The number of virus particles 
constituting one IDjo has not been definitely determined. According to 
Friedewald and Pickets (14), who' used centrifugally purified preparations, it 
amounts to about ten \’irus particles. In view of the fact that only part of 
these will be adsorbed, that some of them may have been inactivated by the 
methods of concentration, that possibly not all sedimentable material was 
virus, and that the experimenter has to do with the amount of virus infecting 
only 50 per cent of the eggs, the suggestion seems not amiss that one particle 
of influenza virus may cause infection of the chick embryo. 

It appears most likely that the influenza virus freshly yielded into the allan- 
toic fluid is released by the destruction of the entodermal cells of the allantoic 
sac, just as happens when bacteria are lysed by bacteriophage. It has been 
observed in infections with influenza virus that the epithelial lining of certain 
sections of the respiratory tract of ferrets and mice is largely destroyed (15-17). 
Xo studies of the lesions encountered in the allantoic sac of the chick embryo 
have been published except for a brief account by Bumet (18) who found only 
minor changes in the entodermal layer of the allantoic sac, save for damage of 
occasional indiviual cells or groups of cells. A few attempts to study the 
histological appearance of some of the allantoic sacs from the growth curve 
e.xperiments have not been revealing. The number of infected cells was pre- 
sumably very small smce the infecting virus dose was limited to 1000 to 10,000 
IDjo in most of the e.xperiments, and further infection was prevented by the 
irradiated virus. However, when the allantoic sacs of chick embr>ms were 
examined 48 or 72 hours after injection of active xfirus only, that is to say ar a 
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time when the titer of virus in the allantoic fluid had reached its peak, the 
cntodermal epithelium appeared largely destroyed or severely damaged. It 
remains to be seen whether this destruction of the entodermal cells occurs 
concurrently with the appearance of fresh virus in the allantoic fluid, or whether 
the virus comes away as a result of some other process and the host cells are 
destroyed later. This question gains in importance in the light of the observa- 
tions made on the depression of yield of active virus by the homologous irra- 
diated agent, to be discussed further on. 

An inhibiting eflfect has been demonstrated by Delbriick (19) in certain inter- 
ference e.xperiments with two distinct, active, bacterial viruses. The result of 
e.Kclusion of the heterologous agent was a decrease in the yield of virus multi- 
plying within the host cells, whereas e.’cclusion of homologous virus was appar- 
ently without inhibitory effect. Addition of antiserum against the heterologous 
agent largely prevented the inhibition. The amount of suppression decreased 
also with the increase in the interval between infection of the bacteria and addi- 
tion of the heterologous virus. This inhibitory effect in bacterial virus infec- 
tions has many similarities with that now observed in the influenza system 
except that in the latter case the homologous virus produced the inhibition, not 
the heterologous, and furthermore the preparations had been inactivated by 
irradiation with ultraviolet light. Because homologous virus was the effective 
agent, it was impossible to test for neutralization of the inhibitory influence 
with specific immune serum, since residual free antibodies would have affected 
freshly produced active virus upon its release from the entoderm into the 
allantoic fluid. In the one-step growth experiments based upon the use of 
heterologous irradiated virus, injection of the corresponding antiserum did not 
increase the size of the step, indicating that the heterologous agent had no 
inhibitory effect. 

The inhibition is presumably mediated by the virus particle but its mechanism 
is unknown. It may hinder the multiplication of the virus or prevent its re- 
lease from the cells. It should be recalled in this relation that the preliminary 
injection of irradiated virus prevents infection by homologous and heterologous 
virus equally well (6). Conceivably, when introduced after infection, the 
homologous irradiated virus may still enter the cell and interfere with some 
stage of the development of the active virus, whereas the heterologous agent is 
unable to follow this course because a stage in the infectious cycle has been 
reached in which the heterologous agent cannot participate. 

SUMMARY 

After allantoic injection of chick embryos with a known amount of influenza 
virus, the process of adsorption of the agent onto host cells and infection of 
them can be interrupted at a given time by the administration of large quanti- 
ties of heterologous virus inactivated by irradiation. A sudden great increase 
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in the amount of free \'irus in the allantoic fluid occurring after 6 hours in the 
case of the PRS strain, and 9 hours in that of the Lee strain, indicates that the 
untreated virus associated with the host cells has multiplied. The length of the 
period preliminar>' to this increase remains the same even though the concen- 
tration of the original inoculum is varied over a wide range. Since administra- 
tion of the irradiated virus leaves no susceptible host cells, because of the 
interference phenomenon, and further adsorption of active virus is mini- 
mized or entirely prevented, practically the entire new increment of virus can 
be found in the allantoic fluid and assaj’ed; for every IDjo adsorbed about 50 
IDjo are released. Homologous irradiated virus, on the other hand, when 
injected after infection of the allantoic sac, reduces the yield of virus to a more 
or less considerable extent. Some inhibitory effect can still be observed when 
the homologous irradiated virus is given several hours after infection. This 
effect is linked to the virus particle and destroyed by prolonged irradiation. 
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INTRODUCnOX 

Previous studies of pneumococcal transformation have been concerned in 
the main with the conversion of R organisms derived from one specific type to 
S organisms of heterologous type. The present investigations are concerned 
•with intratype conversion or transformation of pneumococci. A stable variant 
of pneumococcus Type II, intermediate between the classical R and S forms, 
has been isolated. It has been demonstrated that the variant produces a 
certain amount of specific capsular polysaccharide (SSSII) although it does not 
possess a demonstrable capsule nor does it form colonies with a smooth surface 
similar to those of S organisms. The gene-like material controlling the forma- 
tion of SSSn has been separated from the intermediate variant and transferred 
in vitro to an R strain of pneumococcus which thereby assmnes certain charac- 
teristics of the intermediate. The transformed R strain retains its rough colo- 
nial form, produces SSSII, but has no demonstrable capsule. In addition, the 
intermediate has been converted in vivo to a fully encapsulated strain of 
pneumococcus Type II. 

A variety of variants intermediate between the R and S forms of pneumococci have 
been described before. Blake and Trask (1) in 1923 noted the presence of intermedi- 
ates derived from pneumococcus Type I and described 5 of these in detail 10 years 
later (2). Of the 5 intermediate variants derived from Type I by serial.cultivation in 
broth containing Tj^pe I antipneumococcal serum, 2 were relatively stable on cultiva- 
tion in broth, but both of these reverted to fully encapsulated Type I S on mouse 
passage. Blake and Trask (2) likewise described an intermediate originating from 
pneumococcus Type If. The occurrence of intermediate variants has also been 
reported by Dawson (3), Neufeld and Levinthal (4), Klumpen (5), Paul (6), and by 
others. 

It has been customary in the past to consider that cultivation of S pneumo- 
cocci in media containing homologous anticapsular antibodies suppresses in 
some manner the polysaccharide-synthesizmg mechanism, and that 
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versely, the reversion of R pneumococci to tlie homologous S form on cultivation 
in anti-R serum involves reactivation of capsular synthesis. In the light of 
modern knowledge it seems more probable that R and intermediate mutants 
occur in cultures of pneumococci of various specific types and that these 
mutants have a selective advantage when the predominantly S cultures are 
grown in the presence of anti-S serum. Similarly, some, but not all, cultures of 
R pneumococci contain a small number of S and intermediate forms or else 
occasionally throw off S mutants which are selected when cultivated in anti-R 
serum or injected mto mice. That the degradation from S to R may involve a 
stepwise loss of characters is indicated by earlier reports (1-6). The present 
studies describe a specifically directed, stepwise restoration from R to inter- 
mediate and then to the fully encapsulated S form. 

Materials and Methods 

1. Preparation of Transforming Extracts . — In previous methods for the preparation of 
transforming extracts (7) the bacterial cells obtained by centrifuging j’oung broth cultures of 
encapsulated pneumococci have served as tlie starting material. Very large amounts of 
brotli culture must be used to obtain even a modest amount of active transforming extract. 
In the present method advantage was taken of the mass culture technique in which an excess 
of glucose is added to the medium and the acid produced during the course of growth is neu- 
tralized intermittently with NaOH. A much greater yield of bacterial cells per volume of 
medium can be obtained under these circumstances. In addition, by observation of the rate 
of glucose utilization, tlie transforming material can be harvested from bacteria in the more 
active phase of growth. 

One liter of nutrient broth prepared from fresh beef heart infusion and containing 1 per 
cent neopeptone was seeded with 15 cc. of the supernatant of an 18 hour rabbit blood broth 
■ culture of pneumococci. After incubation at 37°C. for approximately 16 hours, the organisms 
were all, or virtually all. Gram-positive. Glucose was then added to a final concentration of 
0.5 per cent and 1 cc. of 0.5 per cent phenol red in 95 per cent alcohol was added as indicator of 
acid production (0.0005 per cent phenol red). Following the addition of glucose, incubation 
was continued for a period of 3 to 6 hours depending on the growth characteristics of the strain 
of pneumococcus. During the last 15 minutes the culture was grown in the presence of 0.001 
molar sodium citrate to inhibit destruction of the transforming principle (8). Growth was 
stopped when tlie slope of the curve for the addition of alkali began to fall off. At this time 
sodium dtrate was added to a concentration of 0.1 it. Sodium desoxycholate was then added 
to a concentration of 0.,05 per cent. The broth culture, which had been creamy with cells, 
cleared within approximately 3 minutes and became only moderately opalescent and somewhat 
viscous depending on the type of pneumococcus that was lysed. 

An attempt to grow pneumococci in the presence of a small amount of sodium citrate 
(0.0001 ii) was made but abandoned because the growth rate was reduced to about one-third 
that obtained in citrate-free medium. 

To the deso.xycholate-lysed culture, one volume of alcohol was added with shaking where- 
upon a white fibrous precipitate separated out. The mixture was centrifuged and the super- 
natant discarded. The precipitate was dissolved in 100 cc. of 0.1 M sodium chloride solution 
containing 0.1 it sodium citrate. Protein was removed by repeated shaking with a mixture 
of 20 cc. of chloroform and 5 cc. of octyl alcohol in a shaking machine. After the third 
chloroform treatment only a very slight fihn of protein-chloroform gel was visible at the inter- 
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face following centrifugation. The transfonning principle was then precipitated with two 
volumes of alcohol. The active principle was partially purified by dissolving the precipitate 
in saline and reprecipitating with two volumes of alcohol. After the second precipitation the 
active fraction appeared as a dense white fibrous mass. 

A difficulty encountered through addition of 0.1 il sodium citrate is the precipitation of 
large amounts of crj’Stalline sodium citrate when one volume of alcohol is added and the 
mixture allowed to stand overnight in the cold. The active fraction becomes entrapped in the 
crystalline deposit. This difficulty can be avoided by completing the separation and partial 
purification of the deso.yyribonucleic acid fraction during the course of a single day, and 
avoiding storage in the ice box during these stages. 

2. Transformation Reactions in Vitro . — A method previously described (7) was used with 
minor modifications. One drop of a 10”* dilution of an 18 hour blood broth culture of the R 
or intermediate variant of T^Tre II pneumococcus was seeded into charcoal-absorbed broth 
contairring an appropriate amount of transforming principle and 10 per cent anti-R pleural 
fluid which had been heated previously at 60° for 30 minutes. The volume of broth, chest 
fluid, and transforming principle was 2 cc. in all. After 24 hours’ incubation, transfers were 
streaked on the srrrface of blood agar plates and subcultirres of the supernatant were made in 
10 per cent anti-R serum broth with or without further addition of transforming principle. 
The supernatants of all cultiues were exanfined carefully for turbidity as an indication of the 
occurrence of transformation. In all instances the experiments were set up in duplicate. 

3. Transformation Reactions in Vico . — ^The technique followed was that described originally 
by Griffith (9) in which mice are injected subcutaneously with small amounts of living R 
forms mixed with large amounts of heat-killed smooth organisms. 

To obtain a mass growth of smooth organisms, a liter of neopeptone infusion broth was 
seeded with smooth pneumococci and incubated at 37°C. overnight. The next morning 10 
gm. of glucose was added and the culture was incubated for 6§ hours with intermittent neu- 
tralization. During the last half-hour the culture grew in the presence of 0.001 ii sodium 
citrate. The culture was then centrifuged in the presence of approximately 0.1 ir'sodium 
citrate and the pneumococci were resuspended in 0.1 ii sodium dtrate-normal saline solution. 
The organisms were killed by heating at 65°C. for 30 minutes in a water bath. Pyrex tubes 
were half filled with the bacterial suspension. The mouth of each tube was flamed thoroughly 
and the tubes immersed in the water bath to the lip. The suspension of heat-killed organisms 
was streaked on blood agar plates, inoculated into broth and injected into mice. There was 
no evidence of living pneumococci from any of these tests. 

White mice of the CFW strain were injected subcutaneously in the lower abdominal region 
with 0.1 cc. of an 18 hour blood broth culture of R pneumococci and the suspension of heat- 
Itilled S organisms in an amount sufficient to make the mixture as turbid as possible and still 
allow injection through a No. 25 hypodermic needle. .A total volume of 0.5 cc. was injected 
into each mouse. Upon death of the mice, organisms obtained from peritoneal washings 
and cultures of heart blood were examined for capsular swelling with type-specific serum and 
the heart blood was streaked on rabbit blood agar plates for subsequent study. 

4. Strains of Pneumococcus. — D39/S: a fully encapsulated strain of pneumococcus Tj-pe II. 

D39/R19; a rough strain obtained by growing the Type II S strmn D39/S for 19 serial 
transfers in Tj-pe n antipneumococcal rabbit serum. 

D39/Int53: a strain intermediate between the clas.sical R and S forms with respect to 
SSSII formation, derived from the rough strain D39/R19 by selection. 

R36NC; colonial variant of the rough strain R36 which was used in studies by .Avery, 
MacLeod, and McCarty (7). R36 was derived originally from Type n strain D39S. 

.A/66: a fully encapsulated strain of pneumococcus T>-pe HI also used in previous studies 
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5. Auti-R Scrum , — Sterile pleural fluids containing R agglutinins were obtained from 
patients suffering from streptococcal pneumonia and tuberculosis respectively. The pleural 
fluids were clarified by centrifugation and heated at 60® for 30 minutes before being used in 
tlie tests. 


EXPERIMENT/VL 

Isolation of Intermediate Variant D39jlnt53 . — Dawson (10) observed that 
in broth cultures seeded with different amounts of R and S pneumococci tlie 
same relative proportions of R and S forms were maintained for several trans- 
fers. In otlier words, when R and S pneumococci are grown together in broth 
culture, neither form appears to have a selective advantage over the other. 
This observation of Dawson’s has been confirmed in the present study. How- 
ever, when an anti-R serum is added to the medium, S pneumococci appear to 
have a selective advantage over R although it is possible that some R cells 
under these circumstances might be transformed to S cells because of the 
transforming principle present in the S organisms. 

Wlien a mixed culture containing a large seeding of R organisms and a com- 
paratively small number of S organisms is grown in broth it is a matter of 
chance whether any S forms will be carried along when transfers are made 
using only a loopful of whole culture. On the other hand, if such a mixed 
culture is grown in the presence of anti-R serum, the R organisms are agglu- 
tinated in the bottom of the tube and unagglutmated organisms grow through- 
out the supernatant. Thus when a mixed culture is grown in the presence of 
anti-R serum and the supernatant only transferred, the unagglutinated organ- 
isms will be recovered even though they are present m comparatively small 
number in the original inoculum. 

When the cells from 10 cc. of whole broth culture of the rough strain D39/R19 
and 1 X 10~® cc. of culture of tlie smooth strain D39/S were inoculated together 
into 4 cc. of 10 per cent anti-R serum broth, S pneumococci were demonstrated 
on plating the first subculture even though the ratio of R to S in the original 
inoculum was 10®; 1. The transfer was made by centrifuging the 24 hour mixed 
culture for 5 minutes at low speed to pack the R cells and transferring the entire 
supernatant to 4 cc. of 10 per cent anti-R serum broth. The original mixed 
culture was grown in a long narrow tube, 12.5 cm. by 8 mm. This afforded a 
tall column of medium through which non-agglutinated organisms could grow 
and permitted easy removal of tlie supernatant. Tubes of this sort are not a 
necessary prerequisite but make it easier to obtain the supernatant relatively 
free of R cells. The efficiency of this method of selection is indicated by the 
ease with which 1—3 S cells could be detected when inoculated along with 
10® R ceUs. 

By using this technique it was found that when the rough strain D39/R19 
was grown in 10 per cent anti-R serum broth and all or only a loopful of super- 
natant was used in making transfers to serum broth, intermediate variants 
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could be selected readily in three subcultures. These variants, although 
forming colonies with a rough surface, were not agglutinated when grown in 10 
per cent anti-R serum broth. 

A ■similar , if not identical intermediate variant was isolated by chance from 
subcultures of a single colony of the rough strain D39/R19 by repeated transfer 
of a loopful of whole culture to fresh 10 per cent anti-R serum broth. At the 
14th transfer a faintly turbid supernatant was present and in 53 subsequent 
transfers almost all of the organisms failed to be agglutinated by the anti-R 
serum and grew diffusely in the supernatant. This intermediate variant, 
designated D39/Int53, forms rough colonies on blood agar, is not agglutinated 
in anti-R serum broth, but is readily agglutinated to high titer by a true 
anti-SII serum. It appears to be an intermediate between the classical R and 
S forms of pneumococci. Classical encapsulated S forms, which grow in smooth 
colonies on blood agar, were not encountered at any time either when super- 
natants only or whole mixed cultiures of D39/R19 were repeatedly transferred 
in anti-R serum broth. There is no evidence, therefore, that cultures of the 
rough strain D39/R19 contain any encapsulated Type II pneumococci. 

Production of SSSII by the Intermediate Variant D39/Int53 . — ^Failure of 
strain D39/Int53 to be agglutinated when cultivated in anti-R sermn broth, 
even though it still forms a rough surfaced colony on blood agar, suggested that 
a component is present on the surface of organsism of this intermediate variant 
which is absent from classical R organisms. It seemed likely that the surface 
component is the Type II polysaccharide, though present in an amount in- 
sufficient to give the colonies of D39/Int53 the characteristic smooth, glistening 
appearance of encapsulated pneumococci. Immunological evidence indicates 
clearly that the intermediate variant produces SSSII identical with that formed 
by encapsulated pneumococci of the smooth strain D39/S but in markedly 
reduced amount. 

Antisera prepared in rabbits by immunization with the intermediate variant 
D39/Int53 gave precipitin reactions with purified Type IT capsular polysac- 
charide diluted to 1:5,000,000 and protected mice against infection with fully 
virulent Type II pneumococci. Moreover, such sera agglutinated fuUy 
encapsulated Type II pneumococci to a titer equal to the best obtained by 
immunization with the smooth strain itself as shown in Table I. The same 
sera agglutinated the intermediate variant to a much higher titer. Further- 
more, a sample of serum prepared by immunization with the smooth strain 
D39/S, and repeatedly absorbed with R organisms until it no longer caused 
their agglutination, maintained its original titer against the smooth strain and 
also against the intermediate variant. This is also shown in Table I. On the 
other hand, when antiserum to the smooth strain was absorbed • with the 
intermediate variant, its agglutinating capacity for both strains was removed, 
as recorded in Table I, and likewise absorption of an anti-intermediate serum 



444 


STEPWISE PNEUMOCOCCAL TILANSPORMATION 


with smooth Type II encapsulated organisms removed the agglutinins for both 
intermediate and smooth strains. Tin’s shows that the specific soluble sub- 
stance produced by both strains is identical. 

The difference in the agglutinating titers of tlic various sera for the smooth 
and intermediate strains is of some significance witli respect to the amount of 
SSSII present on the surface of the cells. Titers with the intermediate strain 
are invariably much higher than with S organisms. The amount of polysac- 
charide available for combination with antibody is greater in the case of the 
fully encapsulated smooth strain than with the intermediate variant and, 
accordingly, the agglutination titer witli the smooth strain would be e.\'pected 
to be lower smce each cell would be able to combine with more antibody than 
each cell of tlie intermediate variant. 


• TABLE I 

Aggliitiiiaiion Reaclioiis U'ith Antisera to Suwolh Type II Pneumococcus Strain D39/S, and 

to the Intermediate Variant D3{>IInt53 



Agglutination titers 

Antiserum 

Suspension of smooth 
strain DS9/S 

Suspension of inter- 
mediate strain D39/ 
IntSS 

Anti-D39/S (smooth strain) 

256 

1000 

“ absorbed with R pneumococci 

256 

1000 

“ “ “ intermediate variant D39/ 

Int53 

0 

0 

Anti-D39/Int53 (intermediate variant) 

256 

2000 

“ absorbed with smooth strain D39/S 

0 

0 


Absorption of antiserum to the intermediate variant with the fully encapsu- 
lated strain D39/S was accomplished relatively easUy. However, with tlie 
intermediate variant, D39/Int53, repeated absorptions of Type II antiserum 
with very large amounts of organisms were necessary to remove completely 
anti-SSSII, Probably this is because of tlie much smaller amount of SSSII 
produced by tlie intermediate variant as compared with the encapsulated strain 
since the amount of antibody in the two samples of serum was comparable as 
shown by the agglutination titers recorded in Table I. 

Furtlier evidence for the greatly decreased production of SSSII by tlie inter- 
mediate strain is shown by precipitin tests using an antiserum prepared against 
the smooth strain D39/S from which all anti-R antibodies had been removed by 
absorption, and culture supernatants of tlie respective smooth and intermediate 
variants. The cultures were grown in plain broth for 16 hours at 37°C. There 
was no obvious difference in the amount of growtli of the two strains as indi- 
cated by turbidity. The organisms were removed by centrifugation and 
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dilutions of culture supernatants were added to R-absorbed Type II antiserum 
diluted in saline in the proportion of 2:3. The results of these precipitin reac- 
tions are recorded in Table II. 

From the results shown in Table II it can be seen that although the culture 
supernatant of D39/S when diluted 1 : 10 gives a well marked precipitin reaction 
with R-absorbed Type n antiserum, and a trace of precipitation at 1:20, the 
supernatant of the intermediate variant show's only a trace of reaction when 
diluted 1 : 2. 

Preparations of purified SSSU in a dilution of 1 : 2,500,000 gave- a defimte 
precipitin reaction -with the R-absorbed Type H antiserum used in the tests 
recorded in Table II. 

The question of the quantitative production of SSSEf by the intermediate 
variant was not further explored except for a single attempt to isolate SSSU 
from the autolysate of a mass culture of D39/Int53 grown in the presence of 1 


TABLE n 

Prtcipitin Reaction of Culture Supernatants of Smooth and Intermediate Organisms loitk 
Anti-II S Serum Absorbed vtUh R Organisms 


Strain 

Final dilutions of culture supernatant 

1:2 1 

1:10 

1:20 

1:200 

D39/S (smooth strain) 

I)39/Int53 (intermediate variant) 

-i-+-r-i-{disc) 

Trace 

4-5- 

Trace 

- 


+-1- and ++++ indicate the relative intensities o£ the predpitin reactions. 


per cent glucose employing intermittent neutralization. The amount of 
SSSn, as indicated by precipitin reactions, was so small as to make isolation 
from other cell constituents impracticable. 

Failure to Demonstrate a Capsular Swelling Reaction with the Intermediate 
Variant. — The observations described above indicate that the intermediate 
variant produces SSSII although in an amount considerably less than that 
produced by encapsulated organisms. In addition, SSSEf would appear to be 
disposed over the surface of the cells since they are no longer agglutinated by an 
anti-R serum but are agglutinated by Type If antiserum. It was of interest, 
therefore, to determine whether capsular swelling could be demonstrated with 
the intermediate variant. 

D39/Int53 was grown imder various conditions: in blood broth for 18 hours 
at 37°C., in broth containing 5 per cent normal horse serum for 4 to 6 hours, 
and in broth containing 5 per cent glucose for the same period. Pnemnococci 
cultivated under these conditions and obtained from the peritoneal washings 
of mice that died foUow'ing mjection of 1 cc. of an 18 hour blood broth culture of 
the intermediate variant were tested for the capsular swelling reaction usinc^ 
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antisera prepared against both the smooth and intermediate variants. In no 
instance was capsular swelling apparent on repeated test, altliough it could be 
seen readily with the same antisera and smooth organisms grown under con- 
ditions similar for capsular development. It would appear that although the 
intermediate variant produced SSSII, and even though the polysaccharide is 
disposed on the surface of the cells, the amount is not great enough to give the 
capsular swelling reaction. 

Virulence of the Intermediate Variant for Mice. — The virulence of the inter- 
mediate D39/Int53 was compared to that of the rough strain R36 by injecting 
mice intraperitoncally with organisms from 18 hour blood broth cultures. The 
results of this experiment are summarized in Table III. As shown in Table 
III, 1 cc. of an 18 hour broth culture of D39/Int53 killed all three mice within 

TABLE III 


Virulence oj Inlermcdiate Strain, D39/Int53, and an R Strain, R36,for Mice 


1 

Strain 

Amount of 
culture 
injected 

D/s* 

Survival 

timet 

Culture of heart blood 


■■ 


hrs. 


D39/Int53 (intermediate strain) 


3/0 

21 

Intermediate variant only 

<< H U 


0/3 



R36 (rough strain) 


2/1 

24 

R organisms only 

(< H H 

0.5 

1/2 

23 

(( (( it 


* Ratio of deaths to survivals, 
t Survival time of mice that died. 
Surviving mice discarded 7th day. 


approximately 24 hours, whereas 0.5 cc. did not cause death. Compared with 
the encapsulated strain of Type II pneumococcus, D39/S, which kills mice 
regularly in an amount as small as 1 X 10~® cc., the intermediate variant is 
comparatively avirulent. The rough strain, R36, killed 2 of 3 mice when 1 cc. 
of culture was injected and 1 of 3 mice when 0.5 cc. of culture was injected. 
It appears, therefore, tliat tlie intermediate variant, D39/Int53, is no more 
virulent for mice than the R strain, R36, despite tlie fact that it produces SSSII 
and that the polysaccliaride appears to be a surface component. The reason 
may be that the intermediate variant does not produce the capsular polysac- 
charide in amounts sufficient to protect itself against phagocytosis. 

Intratype Conversion of R Pneumococci to an Intermediate Variant. — The fore- 
going data demonstrate the existence of an intermediate variant of Type 11 
pneumococcus which forms colonies similar in character to tliose of typical 
rough organisms, but nonetlieless s)mtliesizes the Type II polysaccliaride, 
which appears to be disposed on tlie surface of the cells altliough in amount 
considerably less than produced by tlie classical S organisms. Since tliis 
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intermediate variant remained stable through repeated subcultures in nutrient 
broth, it seemed of interest to determine whether from the cells a “transforming 
principle” could be obtained which would be capable of converting typical R 
pneumococci into variants of the intermediate type. 

The technique for preparing transforming e-ttracts has been described imder 
Methods. The R strain used for the transformation reactions, R36NC, is a 
variant of strain R36 previously used in transformation reactions (7). Strain 
R36NC does not grow diffusely when cultivated in anti-R serum broth but 
remains clmnped in the bottom of the tubes. The intermediate variant, as 
noted above, grows diffusely in serum broth. The property of diffuse growth 


TABLE IV 

Transformation of R36NC by an Extract of the Intermediate Variant D39flni53 


Amount of transforming 
extract of D39/lntU 

Turbidity of culture supernatants 
after 24 hrs.* Incubation* 

IdentlHcation of organisms 
in supernatant 

Original culture 

First sttbculturet 

i 

cc, 

0.2 

mm 

BUM 

Intermediate variant 

0.2 



tt <( 

0.02 



a It 

0.02 


^B|hB 

Not studied 

None 

H9I 


R36NC 


•Trace to ++++ designates degree of turbidity of supernatant, indicating whether 
transformation has occurred. 

t Subculture in 10 per cent serum broth without added transforming extract from D39/ 
IntS3. 

in anti-R serum broth wtis used as an indication of whether conversion of 
R36NC to the intermediate type had occurred in the presence of an extract of 
intermediate cells, since colonies on blood agar of R36NC and the intermediate 
variant derived from it appear identical whether viewed with the naked eye or 
under a colony microscope. In order to prove that conversion to the intermedi- 
ate type had occurred, reliance had to be placed on serological methods. 

Although the means of identifying the converted cells are considerably more 
difficult than in the case of the transformation of R cells to smooth, encapsu- 
lated S forms, it was possible to demonstrate that under the conditions de- 
scribed, R36NC can be converted at will into cells of the intermediate variety. 
Table IV shows the results of a typical e.xperiment. 

No evidence was obtained at any time that strain R36NC was contaminated 
with intermediate mutants corresponding to D39/Int53 as in the case of the 
other R strain, D39/R19, from which D39/Int53 was selected. As illustrated 
in Table IV, however, R36NC could be readily transformed into a strain 
having the properties of the intermediate \ariant D39/Int53, originally ob- 
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tained by selection. Table V shows a comparison of the properties of the 
original intermediate mutant D39/Int53 and the transformed intermediate 
mutant R36NC/Int with those of tlxc classical R and S forms of pneumococcus 
Type II. 

In addition to the properties shown in Table V, antisera prepared in rabbits 
against the respective intermediate variants protected mice to an equal degree 


TABLE V 

Properties of Original Intertncdiale D39IIni53, Transformed Inlermcdiaie R36N/Int, and 
Classical S and R Forms of Pneumococciis Type II 




Strains of pneumococcus 


Properties of pneumococcal 

6 trams 

Intermediate 
D39/IntS3 
obtained by 
selection 

Intermediate 
R36NC/Int 
obtained by 
transformation 

Smooth pneumo- 
coccus lype u, 
strain D39/S 

Rough 

pneumococcus 

R36NC 

Colony morphology on blood agar 

Rough 

Rough 

Smooth 

Rough 

Growth in anU*R scrum broth. . . . 

Ciiluse 

Diiluse 

Bi/Tuse 

Agglomerated 

Reactions in Type 11 antipneumo- 
coccal serum (anti-D39S} 





Agglutination titer 

1000 

lOOO 

2S6 

2000 

Quellung reaction 

Negative 

Negative 

Positive 

Negative 

Reactions in antiserum to inter- 
mediate variant I>39/int53 

1 

1 

i 


Agglutination titer 

2000 

2000 

256 

8000 

Quellung reaction 

1 

Negative 

Negative 

Positive 

Negative 

, i 

Reactions in antiserum to inters 





mediate variant R36NC/Int 
Agglutination titer 

2000 

2000 

256 

8000 

Quellung reaction 

Negative 

Negative 

Positive 

Negative 

Character of organisms aggluti- 
nated in TVpo II antipneumo- 
coccal serum (anti-D39S) 

1 

Small, hard 

Small, hard 

Hard, disc-like 

Fine, soft 


hakes; difficult 

hakes; difficult 

mass 

clumps; easily 


to break up 

to break up 


broken up 


against infection by the fully virulent encapsulated IVpe II strain D39S. 
0.001 cc. of either antiserum gave protection against appro.^dmately 1000 letlial 
doses of D39S injected intraperitoneally. 

Although tlie properties described for tlie two intermediate variants indicate 
strong similarities, it should not be inferred tliat they are identical in all re- 
spects. For e.xample, colonies of tlie transformed intermediate R36NC/Int 
resemble closely tliose of the R sti-ain from which it was derived by transforma- 
tion, and are different from tlie colonies of D39/Int53 in certain respects. 
These colonial differences indicate tlie presence of systems otlier tlian that 
involved in SSS formation which are not affected in the transformation reaction. 
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Conversion of Intermediate D39/Int53 into Fully Encapsulated Type II 
Pneumococci.— Mitvapis to convert the intermediate D39/Int53 to fully 
encapsulated Type II pneumococci in vitro were unsuccessful using either 
transforming extracts prepared from Type H S or heat-killed cells. It should 
be recalled that the intermediate variant is not agglutinated when grown in 
anti-R serum broth, and since growth in agglomerated fashion appears to be 
one of the prerequisites for transformation in vitro (11), it is possible that this 
accounts for the failure. Other methods for producing agglomeration of the 
growing organisms, such as cultivation in semisolid agar, were not tried. 

Though unsuccessful in vitro, conversion of the intermediate D39/Int53 to 
Type H S was readily accomplished in vivo by the original Griffith technique 
(9) of injecting mice subcutaneously with a mixture containing small numbers 


TABLE \T: 

Conversion of the Intermediate Variant D39IIntS3 to Fully Encapsulated 
Pneumococcus Type II in Vivo 


Heat-killed pneuznocoed* 

Living pneuznocoedt 

Xo. of 
mice 
miected 

Xo. of 

1 mice 
dyingS 

Heart blood 
culture 

Type n S (D39S) 

Intermediate D39/Int53 


5 

Pneumococcus 
Type n 

II II II 

— 


0 


— 

Intermediate D39/Int53 

m 

0 

— 


* 0.4 cc. of a thick suspension of Type II pneumococcus heated at 65°C. for 30 minutes, 
f 0 . 1 cc. of an 18 hour blood broth culture. 

I Average survival time of nuce that died was 79 hours; surviving mice were discarded 
on the 8th day. 

of living organisnos of the strain to be converted together with large amormts 
of a heat-killed suspension of smooth organisms. Table \T shows the results 
of such an experiment. Five of the 7 mice injected with D39/Int53 together 
with a heat-killed vaccine of Type H S died. From the heart blood of all of 
these animals fully encapsulated Type II pneumococci were recovered, forming 
smooth colonies on agar and virulent for mice. Proof of the sterility of the 
heat-killed suspension of Type n S was obtained not only by injecting mice 
with 0.4 cc. amounts but also by inoculation into blood broth and on blood 
agar plates. 

Failure to Transform Type II Intermediate D39/Int53 to Pneumococcus 
Type III. — As noted above, the intermediate D39/Int53 could be converted 
to Type n S in vivo, though not in vitro by the techniques employed. It was of 
interest to determine whether it could be transformed to a fully encapsulated 
heterologous type of pneumococcus. Repeated attempts both in vitro and 
in vivo to transform D39/Int53 to pneumococcus Type III were imsuccessful 
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using extracts of Type III strain A/66 in vitro, and heat-killed suspensions of 
Type III both in vitro and in vivo. In addition to anti-E. serum in the in vitro 
experiments, in certain instances rabbit antiserum to intermediate D39/Int53, 
previously heated at 65°C. to inactivate desoxyribonuclease, was added in 
order to cause the intermediate strain to grow in clumps, but witliout success. 

Conversion of Rough Strain R30NC to Pneumococcus Type II and Transforma- 
tion to Pneumococcus Type III in a Single Step. — R36NC is convertible to an 
intermediate form R36NC/Int, and tlie intermediate can be converted to 
fully encapsulated homologous pneumococcus Type U, as shown above. 
In addition, R36NC can be converted to pneumococcus Type IT in a single 
step by cultivation in vitro in the presence of an extract of Type II S. How- 
ever, it is possible tliat one or more intermediate phases may appear during the 
course of tire progression from R to S and may be necessary for R S con- 

version to occur. Intermediates appearing in the course of “single step” 
R S conversion have not been looked for. 

The rough stram R36NC can also be transformed to pneumococcus Type 
III in vitro, usmg trausformmg extracts prepared from strain A/66. 

DISCUSSION 

The e.\'periments described indicate that in the transformation of an R strain 
of pneumococcus to the fully encapsulated S form more tlian a smgle character 
may be involved. Mutants intermediate in respect to SSS production occur 
and conversion can be carried out in two stages, first from R to intermediate 
and tlien to the fully encapsulated S form. On tlie other hand, transformation 
from R to S may take place in a single step, apparently witliout tlie necessity 
of going tlirough an intermediate phase, although witli tlie usual methods of 
carrying out transformation reactions, intermediate variants would not ordi- 
narily be detected despite the possibility tliat tliey may occur under these 
circumstances. In this regard it should be recalled tliat detection of transfor- 
mation in vitro has been based primarily on tlie gross differences in tlie appear- 
ance of R and S colonies of pneumococcus, so that even tliough intermediates 
forming rough colonies were to appear, as in tlie present studies, tliey would be 
missed unless special care were used for tlieir detection. 

The SSSII synthesized by tlie intermediate variant is inmiunologically 
indistinguishable from tliat formed by encapsulated Type II pneumococci as 
shown by absorption studies. The difference in tlie strains would seem to 
reside in the amount of SSSII produced. It is possible tliat tlie S gene of 
the intermediate differs from that of encapsulated Type II organisms m tlie 
same respect that alleles for a particular cliaracter may differ from each other 
in higher organisms. On the otlier hand there may be variation in a separate 
gene system which exercises control over tlie amount of SSSEC formed by the 
intermediate as compared with encapsulated pneumococci. An additional 
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possibility is that the difference between the intermediate and encapsulated 
cells rests in the permeability of the cell wall to SSSH. An analogy to the 
latter hypothesis is perhaps to be found in the case of secretors and non- 
secretors of the blood group-specific substances in man/the capacity to secrete 
the group-specific substances being transmitted as a Mendelian dominant (12). 

It is of considerable interest that although the intermediate variant synthe- 
sizes SSSir which is disposed on the surface of the cells, it is not more virulent 
than R organisms which lack SSSII. It seems likely that the difference in 
virulence between the intermediate and fully encapsulated pneumococcus 
Type n is related to the quantity of SSSU synthesized by the respective forms, 
the intermediate producing an amount insufficient to protect itself against 
phagocytosis. If this is the explanation of the difference in mouse virulence of 
these variants, it may be possible in certain instances to account for differences 
in virulence of various strains of smooth pneumococci of the same serological 
type on the basis of the quantity of SSS synthesized. From this point of view, 
enhancement of a potentially virulent strain on repeated mouse passage, for 
example, would involve selection of variants producing the most SSS. There 
seems to be little question that virulence is not related solely to the quantity of 
SSS produced by the various types and strains of pneumococci. The results of 
the present study indicate, however, that this may be one of the important 
factors involved. 

Virtually complete loss of virulence for mice has not affected to a noticeable 
extent the capacity of heat-killed smpensions of the intermediate variant to 
stimulate the production in rabbits of type-spedfic antibodies reacting in vitro 
with SSSn and protecting mice against infection with the fully virulent smooth 
organisms. Quantitative estimations of the amoimt of antibody produced in 
rabbits have not been made, but the results of precipitin, agglutination, and 
mouse protection tests indicate that the quantity is comparable to that ordi- 
narily fovmd in the serum of rabbits immunized with similar amounts of fully 
encapsulated Type 11 pneumococci. It may be suggested that studies of 
attenuated strains of bacteria which have 'been used as immunis ing agents for 
specific prophylaxis might reveal differences in specific cellular components 
comparable to the reduction in SSSII production of the intermediate variant 
described. In the case of the intermediate variant the amount of SSSII is 
insufficient to permit the strain to exhibit significant virulence, but enough is 
present to act as a potent antigen in rabbits. It should also be possible by 
techniques analogous to those used in pneumococcal type transformation to 
"synthesize” bacteria or even viruses having an appropriate combination of 
avirulence and specific antigenicity. 

Failure of the intermediate variant to be transformed to a heterologous type, 
pneumococcus Type m, may have been due to ignorance of the appropriate 
conditions. On the other hand, the intermediate already produces SSSII and 



452 


STEPWISE PNEUMOCOCCAL XIOVNSPORJUTION 


if transformation to Type HI were to occur, the new strain would be forced to 
syntliesize two capsular polysaccharides at the same time. It seems unlikely 
that the Type Ill-syntliesizing pattern could be imposed unless that responsible 
for SSSII production were suppressed or lost through mutation. 

In relation to the attempted transformation to pneumococcus Type HI, it is 
of interest that altliough this transformation did not occur, neither was the 
Type II intermediate converted into a fully encapsulated strain of pneumo- 
coccus Type II by the Tj^e III transforming principle. It would appear, 
therefore, that tlie component responsible for increased SSSII production in tlie 
fully encapsulated SII forms, as compared with the intermediates, is specific 
for SSSn, and not present in Type III cells. 

SUiliLVRY 

1. A variant intermediate between the classical R and S forms has been 
isolated by selective procedures from a rough strain of pneumococcus originally 
derived from Type II S. 

2. The intermediate variant D39/Int53 is avirulent for mice, forms rough 
colonies, and does not possess a demonstrable capsule. However, it synthe- 
sizes SSSn which is immunologically indistinguishable from that produced by 
fully encapsulated pneumococcus Type 11, though in much smaller amount. 
The polysaccharide is present as a surface component and as it e-xists in the cell 
is highly antigenic for rabbits. 

3. An e.\tract of the intermediate variant causes the transformation in vitro 
of an R strain into a variant resembling the intermediate in SSSII production 
but without any apparent alteration in the colonial characteristics of the R 
variant. 

4. The intermediate variant is convertible in vivo into a fully encapsulated 
strain of pneumococcus Type II. Transformation of the intermediate to a 
heterologous type of pneumococcus (Type III) was unsuccessful. 

5. A method is described for the preparation of transforming extracts of 
pneumococci utilizing the massive growth of the organisms obtained in the 
presence of a large concentration of glucose. 
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The infusion of hemoglobin solutions to replace lost blood has been tested in 
experiments on both a nim als (2-15) and man (4, 16-19). Beneficial results 
have been obtained in restoring the volume of circulating blood, in carr3dng 
oxygen to the tissues (3), and in supplying iron for regeneration of erythrocytes 
and nitrogen for regeneration of blood and tissue proteins (12). For infusions 
hemoglobin solutions have advantages over whole blood in that the former do 
not need to be typed and cross-matched, and that longer preservation is pos- 
sible. However, in both patients and animals, some of the infusions have been 
followed by imfavorable results, particularly on the kidneys. It has appeared 
uncertain whether these effects have been due to injury by the hemoglobin 
itself, caused during its rather rapid excretion through the kidneys, to admix- 
ture of methemoglobin with the active hemoglobin (hemoglobin capable of 
reversible combination with oxygen), to the presence of cell stroma material 
in the hemoglobin solutions used, or to bacterial contamination or products. 

The present work was imdertaken to provide a method whereby large vol- 
umes of hemoglobin solution could be prepared in a sterile state, free from 
stroma material, of electrolyte content approximating that of plasma, and 
capable of preservation without change of the active hemoglobin to methemo- 
globin. 

Analytical Methods and Tests 

The carbon monoxide-binding capacity of the hemoglobin solutions was detennined by a 
modification of the method of Van Slyke and Hiller (20) described by Van Slyke, Hiller, 

* The work described in this paper was done under a contract, recommended by the Com- 
mittee on Medical Research, between the Office of Scientific Research and Development and 
The Rockefeller Institute for hfedical Research. 

t The Bureau of Medicine and Surgery of the United States Navy does not necessarily 

undertake to endorse views or opinions which are expressed in this paper. 

§ Reported in abstract at meetings of the Federated Societies for Experimental Biology and 
Medicine, .\tlantic Cit>', New Jersey, March 14, 1946 (1). 

11 On leave of absence from .\lfred I. duPont Institute of the Nemours Foundation WTl- 
nungton, Delaware. 
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Weisiger, and Cruz (21). The hemoglobin fraction capable of binding carbon monoxide is 
hereafter designated as “active hemoglobin.” 

Total hemoglobin content of the solutions was determined by the above carbon monoxide 
capacity metliod after reduction of the solution with sodium hyposulfite (NasSjOd according 
to tlie modification of the method of Van Slyke and Hiller (22) described by Van Slyke, Hiller, 
Weisiger, and Cruz (21). 

The difference between the total hemoglobin content of tlie solutions and the active 
hemoglobin content gives the inactive hemoglobin fraction hereafter designated as methemo- 
globin. 

Total lipid content of the solutions was determined by extraction of the lipids by the method 
of Folch and Van Slyke (23) and subsequent estimation of the extracted lipids by determining 
their carbon by tlie method of Van Slyke and Folch (24), 

The pH of the preparations was determined by the glass electrode. 

Sodium and potassium concentrations of solutions were determined with a flame photo- 
meter (25). ‘ 

Tests for pyrogenic substances, for which we arc indebted to Dr. R. B. Peimell of Sharp 
and Dohme Company, were carried out in accordance with the directions of the U. S. Pharma- 
copoeia XII (26). 

Sterility tests were carried out by culturing 5 ml. aliquots aerobically and anaerobically. 
We are indebted to Dr. Frank Horsfall, Jr., of the Rockefeller Institute Hospital for most of 
these tests and to Dr. Pennell of Sharp and Dohme for the remainder. 

Toxicity tests were carried out on all earlier preparations. One half ml. of the solution to 
be tested was injected intraperitoneally into each of ten IS gm. Swiss mice. The criterion 
was survival. For later preparations, made after experience gained with the solutions, this 
test was omitted; but in other experiments the effects of administration to dogs in large quan- 
tities intravenously provided evidence for the absence of toxicity factors. 

Preparation of Hemoglobin Solutions 

The procedure consisted of the following steps: (1) laking the cells with 
water, (2) precipitation of the stroma material by acidifying to pH 5.7-5.8, 
(3) ion exchange of most of the potassium for sodium by treatment with sodium 
zeolite, (4) removal of stroma and zeolite by centrifugation, (5) addition of 
NaCl and NaHCOa to obtain physiological salt concentration and pH, (6) 
^terilization by filtration through a Seitz filter. 

General Measures to Insure Sterility. — Throughout the procedures required in tlie prepara- 
tion of the solutions a strict aseptic technique was followed. All containers were sterilized 
by autoclaving prior to use. When a vessel was opened to receive a solution, the mouth was 
flamed, and the flaming was repeated before reinsertion of the sterile plug used as a stopper. 
All water used in preparations was freshly double distilled under conditions making it pyrogen- 
free. Salts were added to solutions immediately before passage through a Seitz sterilizing 
filter. All procedures were carried out at 4'’C., and the solutions were stored at 4°C., unless 
otherwise stated. Cultures for aerobic and anaerobic organisms were taken prior to passage 
through the Seitz sterilizing filter. Bacterial contamination of the solution at this point was 

* We are greatly indebted to Dr. R. Bowling Barnes and Dr. J. W. Berry of the American 
Cyanamid Company, Stamford, Connecticut, for the extended use of one of their own re- 
search models of tlie flame photometer, considerably in advance of detailed publication or 
commercial manufacture of their instruments. 
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never encountered. The sterility tests were repeated on solutions just prior to use in phy- 
siological e.vperiments. Specific procedures are detailed below. 

Source of Red Blood CcWr.— Red blood cell residues discarded from Red Cross donor centers* 
after withdrawal of plasma were used for making human hemoglobin solutions. Solutions of 
dog hemoglobin were made by bleeding dogs, heparinizing the blood, sterilely aspirating the 
plasma after centrifugation, and utilizing the residues in the same manner as with human 
blood. 

Laking of Red Blood Cells and Precipilalion of Stroma Molerial . — One volume of fresh red 
blood cell residues was suspended in an equal volume of sterile isotonic saline and repacked by 
centrifugation for 30 minutes at 3000 r.p.m. The supernatant flm'd and huffy layer were 
aspirated off with aseptic technique and discarded. One volume of washed cell residue was 
then laked by mbdng and standing for 1 hour with two volumes of distilled water. Tenth 
normal HCl was then added in small portions, usually ten, until the pH of the mixture fell 
to 5.7-5.8. .Approximately 0.6 volume of acid was needed, and it was convenient to add 0.5 
volume of acid before determining the pH. During the addition of the add, the mixture was 
stirred by swirling the contents of the flask but violent mechanical agitation was avoided; this 
procedure produced a bulky predpitate which filtered off readily. .After addition of the add, 
the solution was made up to a volume equal to four times the original volmne of red cells used. 
The 0.1 N HCl used was made up by diluting reagent grade concentrated HCl with pyrogen- 
free, sterile, distilled water. 

Removal of Excess Potassium . — ^Without removing the suspended predpitate, the mixture 
obtained by the above acidification was treated with sodium zeolite (decalso), to reduce, by 
ion exchange for Na, the potassium concentration to a physiological plasma level. The 
decalso, 50 to 80 mesh, was first washed with 5 per cent NaCl solution, dried, and heat- 
sterilized.’ Thirty grams of this decalso were added per liter of cell solution, and the mixture 
was gently stirred several times to insure adequate mixing. Exchange of potassium of the 
solution with sodium of the decalso approached equilibrium in a few minutes,* and, with the 
amount of decalso used, the concentration of potassium in the treated solution was lowered to 
approximately 4 milliequivalents per liter. 

-After the addition of decalso, the mixture was let stand for 1 hour to allow TnaTimiiTn aggre- 
gation of the bulky, almost granular precipitate and then the decalso and previously pre- 


cipitated stroma were removed together by filtration through a coarse filter paper. The 
filtrate volume approximated 70 per cent of the volmne of mixture filtered; the yield by cen- 
trifugation was not found sufficiently greater to compensate for using it in place of filtration. 
Adjustment to Final pH and Electrolyte Content . — ^The clear deep red filtrate of pH 5.7 to 5.8 


contained approximately 4 milliequivalents of potassium and 30 milliequivalents of sodium per 


liter, chiefly as the chlorides. Solid sodium bicarbonate was added to the solution in an 


amount sufficiently in excess of the previously added HCl to provide a final concentration of 


’ The authors are greatly indebted to Dr. Canby Robinson of the .American Red Cross for 
permission to use discarded red blood cell residues, and to Dr. Boynton of the .American Red 
Cross for constant effort to insure that an adequate supply of fresh ceU residues was main- 
tained to this laboratory. 

’ Decalso, trade name for a s>'nthedc sodium-aluminum-silicate zeolite, manufactured and 
obtained from the Permutit Company, 330 West 42nd Street, New York 18, New York. 

Drj-ing and heat sterilizing decalso for 1 hour at 160° to 170°C. apparently causes some 
diminution in its effectiveness in exchanging sodium for potassium; the 30 gm. per liter of 
solution recommended allows for this slight loss of activity. 

* That potassium is exchanged for sodium, atom for atom, was established by analysis of 
the solution for sodium and potassium before and after treatment with decalso. 
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20 millimolar bicarbonate. In addition, enough solid sodium chloride was added to bring the 
final concentration of sodium to approximately MS millicquivalents per liter, and sufficient 
calcium and magnesium as chlorides to give concentrations of 5 and 2 milliequivalents per 
liter respectively. The pH of the final solution usually lay between 7.1 and 7.6, depending 
on the residual amount of carbon dioxide liberated by reaction with the HCl. A sample of the 
filtrate was taken for sterifity tests. 

Slcrtlizalwit by Seitz Filiraiion . — ^The solution was filtered through a Seitz filter using an 
S-1 filter pad under 15 to 20 pounds pressure per square inch. Filtration was rapid; 2 liters 
filter tlirough a pad 120 mm. in diameter in about 15 to 20 minutes. Passage through the 
Seitz filter also insured removal of any precipitated stroma and zeolite that might not have 
been removed in the first filtration. The solution was conveniently filtered into 500 ml. or 
liter bottles, which were then closed with sterile rubber stoppers and kept at 4°C., until used. 
Portions of the filtrate were taken for sterility and pyrogen tests and additional tests for 
sterility were done on a number of individual bottles after varying periods of storage. 

Properties oj the Hemoglobin Solutions 

■ Composition and Physical Properties. — Solutions of hemoglobin prepared 
according to the method just described were clear, of deep red color, and con- 
tained approximately 7 gm. of hemoglobin per 100 ml. If the entire procedure 
was carried out at 4°C., 95 to 98 per cent of the hemoglobin was active. If 
the procedure was carried out at room temperature with solutions previously 
chilled to 4°C., and removed from the refrigerator as used, the percentage of 
active hemoglobin was slightly lower, 92 to 95 per cent. Analysis for lipid 
carbon showed that 90 to 95 per cent of all lipids had been removed. Numer- 
ous tests of human hemoglobin solutions mixed with human blood cells of all 
four types have never shown any red cell agglutinating properties. No par- 
ticulate material could be detected on dark field illumination. In the absence 
of evaporation when kept at 4°C., the solutions remained free of precipitate 
for 6 months or longer. Some solutions uthnately developed small amounts 
of a fine reddish precipitate which was observed only after standing 6 months 
or longer; the formation of precipitate is discussed below. 

Stability of Solutions Stored at Various Temperatures . — 

Ten ml. portions of a hemoglobin solution were transferred with a sterile pipette into 20 
ml. sterile pyrex glass ampules, and the ampules sealed in the oxygen flame. Sealed ampules 
were stored at 4°C., at 20-25°C. (room temperature), and at 3S°C. respectively. From time 
to time up to 47 days, ampules stored at these temperatures were opened and analyzed for 
total and active hemoglobin. The results are shown in Fig. 1 . It will be seen from these data 
that the solutions were completely stable at 4°C. but that at room temperature methemo- 
globin (total — active hemoglobin) formation was appreciable, and that it was still faster at 
38°C. It was observed that the formation of precipitate in the solution also depended upon 
the temperature of storage. Considerable precipitate slowly formed in the solutions stored 
at 38°C., less in those stored at room temperature, and none was formed in the solutions stored 
at 4°C. over the 47 day period. Solutions stored under CO 2 at room temperature showed more 
precipitate than those stored under air at the same temperature. 

Tw'o ampules after 6 months’ storage at 4°C. showed 3 and 15 per cent formation of met - 
emoglobin respectively. One ampule of hemoglobin solution in which 99.7 per cent of t le 
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active hemoglobin had been deos>-genated by removal of 0, before the ampule was sealed 
showed no change in methemoglobin or active hemoglobin after 6 months* storage at 4 C. 
None of these ampules had developed any sediment in the 6 months’ storage period. 

Other stability experiments were carried out on 200 cc. lots of hemoglobin solution stored 
at 4°C. in sUrile bottles closed with rubber stoppers. Samples of solution were removed with 
aseptic precautions at weekly intervals and analyzed for total and active hemoglobin. No 
methemoglobin formation was observed over a period of 10 weeks; and no sediment was ob- 
served at the end of 6 months.* 

From these experiments it appears that no methemoglobin is formed over a 
period of 2^ months; over a 6 month period a small and variable amount of 
methemoglobin may be formed. Dr. R. B. Pennell of Sharp and Dohme 
Company® has informed the authors that he has succeeded in storing solutions 
of hemoglobin, prepared in the manner described in this paper, for over 12 



Fig. 1. Decrease in acti\-ity of hemoglobin in solutions standing at different temperatures. 

months without detectable methemoglobin formation and without any pre- 
cipitate formation providing the solutions were kept frozen soUd at tempera- 
tures of —5° to 0°C. It therefore appears probable that the methemoglobin 
and sediment formation observed in our experiments was due to storage at too 

‘ .Anomalous behavior was occasionally noted in a bottle of the thirty or forty that were 
usually filled from one preparation. Some of these bottles exhibiting anomalous behavior 
showed on storage fairly rapid conversion of hemoglobin to methemoglobin which on further 
storage showed slow spontaneous reconversion to active deoxygenated hemoglobin. Other 
bottles exhibited consumption of oxj'gen with the formation of deoxj-genated hemoglobin with- 
out previous conversion to methemoglobin. These changes were always visibly evident, the 
solution becoming brown with the formation of methemoglobin, and a deep purple hue with the 
formation of the deoxygenated hemoglobin. Examination of these bottles that behaved 
anomalously never revealed bacterial contamination. 

* The authors are indebted to Dr. R. B. Fennell of Sharp and Dohme Company, Glenolden, 
Pennsylvania, for much helpful information which he has freely placed at our disposal through- 
out the course of this work. 
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high a temperature; the minimum temperature of our storage facilities was 4°C., 
in refrigerators that were opened frequently and whicli did in fact suffer con- 
siderable elevations of temperature above this minimum as a result of tempo- 
rary interruption of refrigeration service. 

Effect of Storage wider a COn Atmosphere . — ^Ten ml. portions of hemoglobin 
solutions were transferred, with precautions for sterility, to a few ampules 
which were then evacuated with a water pump and refilled with CO 2 four times 
before sealing of the ampule. These were stored at room temperature only. 
In these COs-filled ampules, formation of methemoglobin was more rapid than 
in the air-filled ampules (Fig. 1). This observation is in keeping witli the find- 
ings of Brooks (27) who showed that at 25°C. decrease of pH accelerates the 
conversion of hemoglobin to methemoglobin. On filling ampules with CO 2 
the pH was lowered from 7.6 to 6.S or 7.0; solutions in ampules sealed with 
air and stored had pH values of 7.3 to 7.6 when opened subsequently. It is 
pertinent that Brooks (27) showed that the conversion of hemoglobin to raet- 
hemoglobin by o.xygen under these conditions was the only detectable reaction; 
i.e., he could not detect conversion of hemoglobin or methemoglobin to other 
denatured pigments. 


DISCUSSION 

The two major problems which had to be overcome in the preparation of 
these solutions were the complete removal of stroma and reduction of the potas- 
sium content to a concentration appro.ximately that of normal plasma. No 
adequate tests exist for the detection of stroma material, since the substance 
has not been sufficiently characterized cliemically. We found that simple ad- 
dition of salt to the laked cell suspension (S, 13, 15, 17, 18) did not remove all 
material precipitable by toluene or by acid at a pH of 5.9. Cooling the laked 
cell suspension and bubbling carbon dioxide through it precipitated tlie stroma 
material, but the precipitate was so fine that frequently it was impossible to 
separate it by filtration from the solution, and it blocked a Seitz filter pad. The 
CO 2 treatment also increased the proportion of methemoglobin. Removal of 
stroma with aluminum hydro.xide (28) was not found satisfactory. Altliough 
toluene as used by Heidelberger (29) and a number of subsequent workers 
(2-4, 9, 16, 30), appears to remove stroma material quantitatively, the resulting 
solutions could be rendered free of toluene only with difficulty and uncertainly. 
Crystallization of hemoglobin and preparation of solutions from such 
crystallized material was avoided because of the extra steps involved, and be- 
cause hemoglobin crystallized by Heidelberger’s method (29) has been found 
to contain 7 to 15 per cent of methemoglobin (31). The acidification technique 
originally described by Jorpes (32) for the isolation of stroma material was 
found to be efficient and easily adaptable to the present investgation. How- 
ever, it was found that if the HCl is added slowly as from a burette with vig- 
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orous mechanical stirring a very fine precipitate forms, presumably stroma, 
which is very difficult to centrifuge down and impossible to filter off, even 
though the pH has been brought to 5.7 to 5.8. If to this unfilterable sus- 
pension of stroma material 1 to 5 per cent of acid-denatured hemoglobin is ad- 
ded rapid and complete flocculation of the stroma occurs in a form that can be 
readily filtered off. Since the technique of acidification used in our prepara- 
tions produced an easily filterable precipitate it is inferred that there must 
have been amounts of acid-denatured hemoglobin formed on the addition 
of the HCl. These observations indicate that adjustment to the isoelectric 
point of stroma is not the only factor involved in the precipitation of stroma 
on the addition of acid. 

Although removal of excess potassium in solutions made from dog hemo- 
globin is not necessary because of the low potassium content of red blood cells 
of the dog, it is required with solutions made from human red blood cells, or 
the resulting solution will have a potassium content close to toxic levels (33) 
for plasma. Ion exchange with sodium zeolite proved to be a rapid and eco- 
nonucal means of reducing the K"*” concentration to normal physiological levels 
by replacement with Na"^. 

The importance of keeping bacterial contamination and growth low hardly 
needs emphasis, for toxic substances are rapidly produced when bacteria multi- 
ply in solutions of hemoglobin. Most investigators previously have preferred 
to prepare solutions for immediate use, sacrificing rigid aseptic technique for 
speed of preparation and relying on low temperatures to retard bacterial growth 
till the moment of injection. None have mentioned carrying out tests for 
pyrogenic substances, and in the absence of such tests it is difficult to assay 
reactions, such as chills and fever, which have been reported to follow intra- 
venous administration of hemoglobin solutions into human subjects (13, 15-18). 

Deoxygenated homoglobin provides a more stable form than oxyhemoglobin 
for storage in solution. However, complete deoxygenation is a long and tedious 
process, and since the oxyhemoglobin solutions have been found to be stable 
at 4°C. over a period of at least 6 months, we do not believe that the advantages 
to be gained by deoxygenation are equivalent to the increased labor of prepara- 
tion. Hemoglobin solutions prepared for freezing and drying must be com- 
pletely deo.xygenated, as noted in the accompanying paper (34) to prevent 
methemoglobin formation during the process of dehydrating the frozen mixture. 

snxniARY 

A procedure has been detailed for the preparation of sterile non-pyro<jenic 
solutions of oxyhemoglobin which have the approximate protein content and 
electrolyte composition of plasma. 

Large volumes of solution can be rapidly prepared, with 95 to 98 per cent of 
the hemoglobin in the active form capable of combining with oxygen. The 
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solutions contain no particulate matter; 95 per cent of total blood lipids are 
removed. 

Solutions stored at 4°C. showed no conversion of hemoglobin to methemo- 
globin over a period of 2} months; over a 6 month period a small and variable 
amount of methemoglobin may be formed. 

bibliogilvphy: 

1. Hamilton, P. B. and Farr, L. E., Fed. Proc., 1946, 6, 136. 

2. Amberson, \V. R., Fle.tner, J., Stcggerda, F. R., Mulder, A. G., Tendler, M. J., 

Pankratz, D. S., and Long, E. P., J. Cell, and Comp. Physiol., 1934-35, 6, 359. 

3. Mulder, A. G., Amberson, W. R., Steggerda, F. R., and FIe,rner, J., J. Cell, and 

Comp. Physiol., 193*1-35, 5, 383. 

4. Amberson, W. R., Jacobs, J. E,, Hisey, A., and Monke, J. V., in Blood Substitutes 

and Blood Transfusion, (S. Mudd and W. Thalhimer, editors), Springfield, 
Illinois, Charles C. Thomas, 1942, chapter 19, 156. 

5. Newman, W. V., and Whipple, G. H., J. Exp. Med., 1932, 56, 637. 

6. Corcoran, A. C., and Page, I. H., Texas Rep. Biol, and Mai., 1945, 3, 528. 

7. Aubertin, E., Lacoste, A., and Castagnou, R., Compt. rend. Soc. biol., 1939, 132, 

141. 

8. Baker, S. L., and Dodds, E. C., Brit. J. Exp. Path., 1925, 6, 247. 

9. Bing, R. J., Bull. Johns Hopkins Hasp., 1944, 74, 161. 

10. Lamson, P. D., Robbins, B. H., and Greig, M. E., J. Pharmacol, and Exp. 

Therap., 1945, 83, 225. 

11. De Gowin, E. L., Osterhagen, H. F., and Andersch, M., Arch. Int. Med., 1937, 

69, 432. 

12. Robsclieit-Robbins, F. S., Miller, L. L., Ailing, E. L., and Whipple, G. H., J . Exp. 

Med., 1946, 83, 355. 

13. Sellards, A. W,, and Minot, G. R., J. iJ/cd. Research, 1916, 34, 469. 

14. Wertenberger, G. E., and Hafkesbring, R., Fed. Proc., 1945, 4, 76. 

15. O’Shaughnessy, L., ManseU, H. E., and Slome, D., Lancet, 1939, 2, 1068. 

16. Cannan, R. K., and Redish, J., in Blood Substitutes and Blood Transfusion, 

(S. Mudd and W. Thalhimer, editors), Springfield, Illinois, Charles C. Thomas, 
1942, chapter 18, 147. 

17. Gilligan, D. R., Altschule, M. D., and Katersky, E. M., J. Clin. Inv., 1941, 20, 

177. 

18. Ottenberg, R., and Fox, C. L., Jr., Am. J. Physiol., 1938, 123, 516. 

19. Amberson, W. R., Rhode, C. M., and Jennings, J. J., Fed. Proc., 1945, 6, 2. 

20. Van Slyke, D. D., and HiUer, A., /. Biol. Chem., 1928, 78, 807. 

21. Van Slyke, D. D., HiUer, A., Weisiger, J. R.,and Cruz, W. 0.,J. Biol. Chem., 1946, 

166, 121. 

22. Van Slyke, D. D., and HiUer, A., J. Biol. Chem., 1929, 84, 205. 

23. Folch, J., and Van Slyke, D. D., Proc. Soc. Exp. Biol, and Med., 1939, 41, 514. 

24. Van Slyke, D. D., and Folch, J., J. Biol. Chem., 1940, 136, 509. 

25. ' Barnes, R. B., Richardson, D., Berry, J. W., and Hood, R. L., Ind. and Eng. 

Chem., Analytical Edition, 1945, 17, 605. 



HAiHLTON, FARR, HILLER, AND VAN SLYKE 


463 


26. U. S. Pharmacopoeia xn, Easton, Mack Printing Company, 1942, 606. 

27. Brooks, J., Proc. Roy. Soc. London, Series B, 1931-32, 109, 35; 1935, 118, 560. 

28. Marshall, J., and Welker, W. H., J. Am. Chein. Soc., 1913, 36, 820. 

29. Heidelberger, M., J. Biol. Cltem., 1922, 63, 31. 

30. Altschul, A. M., and Hogness, T. R., J. Biol. Chem., 1939, 129, 315. 

31. Van Slyke, D. D., Hastings, A. B., Heidelberger, M., and Neill, J. M., J. Biol. 

Chan.) 1922, 64, 481. 

32. Jorpes, E., Biochem. J., 1932, 26, 1488. 

33. Winkler, A. W., Hoff, E. H., and Smith, P. K., Am. J. Physiol., 1939, 127, 430. 

34. Farr, L. E., Hiller, A., and Van Slyke, D. D., J. Exp. Med., 1947, 86, 465. 




PREPARATION OF DRIED HEMOGLOBIN WITHOUT LOSS 
OF ACTIVITY*t§ 

By lee E. FAREJ M.D., 

Lieutenant Commander, Medical Corps, United Slates Naval Reserve, 

ALMA HILLER, Ph.D., akd DONALD D. VAN SLYKE, Ph.D. 

With the Technical Assistasce of Johu Rlazin 

{From the United States Navy Research Unit at the Hospital of The Rock^eller 
Institute for Medical Research) 

(Received for publication, September 3, 1947) 

As an extension of the study of the properties and characteristics of hemo- 
globin solutions prepared as detailed in an accompan 3 dng paper (2), further 
experiments were carried out to determine whether such solutions could be 
frozen and dried without change in hemoglobin activity, and to determine the 
stability of such dried preparations under selected conditions as compared with 
the stability of the original solutions. 

Morrison and Hisey (3) have shown that if a hemoglobin solution is com- 
pletely deoxygenated it can be dried without formation of methemoglobin, 
and Drabkin (4) has shown that hemoglobin can be dried by the “lyophile” 
procedure without denaturing the protein. In the present work we have uti- 
lized this principle, applying the technique of first freezing and then drying 
in vacuo as utilized with plasma in order to obtain the dried material in a honey- 
comb structure capable of being quickly redissolved. The procedure has not 
been applied to large scale production, but the conditions have been defined 
that are necessary for preparation by its means of dried hemoglobin of miniTnal 
methemoglobin content. 


Material and Methods 

The vessel in which the hemoglobin solution was deoxygenated was of the type shown in the 
upper part of Fig. 1 . It had at one end a two-way cock, at the other end a three-way cock with 
an 8 cm. length of hea\-y wall capillary tubing drawn at the tip to permit its insertion into a 
rubber tip which fits into the cup of the Van Slyke-Neill manometric gas apparatus (5). .A. 

• The work described in tins paper was done imder a contract, recommended by the Com- 
mittee on Medical Research, between the Office of Scientific Research and Development and 
The Rockefeller Institute for Medical Research. 

t The Bureau of Medicine and Surgery of the United States Navy does not necessarily 
undertake to endorse views or opinions which are expressed in tViig paper. 

5 Reported in abstract at meetings of the Federated Societies for Experimental Biology and 
Medicine, Atlantic City, New Jersey, March 14, 1946 (1). 

11 On leave of absence from Ah'red I. duPont Institute of The Nemours Foundation Wil- 
mington, Delaware. ’ 
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thrcc-way stopcock permits connection of the capillary delivery tube with either the contents 
of the vessel or a side arm connecting tube. For analysis of hemoglobin solution in the vessel, 
the cleaned and dried tip is placed in the cup of the Van Slykc-Neill gas apparatus under 
mercury, and mercury from the chamber is run up through the capillary delivery tube and 
into the side arm tube, thereby effectively displacing all air from the delivery tube system. 
The stojicock is then turned to adnut the sample to a calibration mark previously made on the 
chamber so that the volume analyzed is 2 ml. 

Deoxygenation of Oxyhcmoglobitt Solutions . — By repeated shaking under diminished pres- 
sure, o.vygcnatcd hemoglobin solutions were deoxygenated. Removal of all but the slightest 
traces of o.xygen was accomplished by alternately de-gassing the solutions and saturating them 
with o.xygen-free nitrogen. The latter gas was prepared oxygen-free by shaking with and 
storage over an alkaline pyrogallol solution.* Usually 40 ml. of the solution to be deosyge- 
nated were transferred to an 800 ml. vessel of the type shown in the upper part of Fig. 1. By 
means of a Hy-Vac pump, pressure within the vessel was reduced gradually while the vessel 
was vigorously shaken. When frotliing became severe the pressure ^vas kept constant until 
with very vigorous shaking the solution became foam-free after which further pressure re- 
duction was effected. The final pressure w’as 10 mm. of mercury. The solution in the vessel 
was adjudged to be gas-free when a distinct metallic ring was emitted upon shaking. .-It this 
time the vessel was refilled to slightly above atmospheric pressure with o.xygen-free nitrogen 
and the procedure repeated. yVfter four to six repetitions of evacuation to a g.os-free state, 
tire vessel was refilled with nitrogen and a sample of solution was removed for analysis of 
o.xygen content. During the process of deo.xygenation, appro.ximately 20 per cent of the 
water of the solution was evaporated, and tJic final hemoglobin concentration was 7 to 9 per 
cent or greater. If, upon analj'sis, the o.xygen content was 0.3 volume per cent or less the 
solution was considered to be sufficiently deoxygenated for freezing; an analysis was made for 
total and active hemoglobin and the preparation was ready for freezing. The entire process 
of deoxygenation required an average of 4 hours of continued careful and watchful manipula- 
tion. 

Attempts to replace mechanical removal of oxygen by enzymic reduction were not success- 
ful. 

Freezing and, Drying of Deoxygenated Hemoglobin — The deoxygenated hemoglobin solutions 
were transferred without contact with air to a mercury-filled vessel connected to a reservoir 
of mercury. The vessel was then connected by means of heavy walled rubber tubing to a 
25 ml. ampule. The ampule and connecting system were evacuated and filled with oxygen- 
free nitrogen three times; then 5 ml. of hemoglobin solution were transferred from the vessel 
to the ampule. The heavy walled tubing was securely clamped and the ampule and tube 
removed from the system. The ampule was then immersed in a bath of drj' ice and alcohol 
and rapidly rotated until the hemoglobin solution had frozen. After this the ampules were 
connected to the drying apparatus, the clamp removed from the rubber tubing, and the frozen 
preparation tvas dried for 4 to 5 hours at less than 20 microns pressure. Upon completion of 
drying, the evacuated ampules were sealed with an oxygen flame and the preparation stored 
at 4°C. until required for other testing. 

Redissolnng of Deoxygenated Dried Hemoglobin . — ^It was found that even momentary con- 
tact of the dried reduced hemoglobin with atmospheric oxygen resulted in measurable meth- 
emoglobin formation. It was therefore necessary to exclude air completely during resolution 
of the hemoglobin. Once it had been dissolved, as was found by Morrison and Hisey (3) 

* The nitrogen commercially available in tanks contains sufficient oxygen to prevent ob- 
taining the degree of deo.xygenation required. It was therefore made oxygen-free in a reser- 
voir of pyrogallol from which it was then used. 
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ampule to vessel by alternate evacuation of the vessel and admission of nitrogen into the 
ampule. When all of the hemoglobin solution was in the vessel in an atmosphere of nitrogen, 
the vessel was disconnected. The tip was washed and dried through the side arm, and samples 
of the hemoglobin solution were measured directly into Van Slyke-Neill chambers for deter- 
mination of o.vygen content. The remainder of the solution was analyzed by the usual tech- 
nique (6) for active and total hemoglobin, samples being measured from pipettes as usual (6). 

In the experiments in which tlie dried hemoglobin was dissolved in air-saturated water, 
10 ml. of the water were placed in the vessel (upper part of Fig. 1) without evacuating the 
vessel, and admitted to the ampule as described above, so that the dried hemoglobin wjsccv- 
ered with water before air entered the ampule. Under these conditions, as shown by the last two 
colunms of Fig. 4, resolution of tlie hemoglobin occurred witliout methemoglobin formation. 

Freezing, Drying, and Redissohing of Oxygenated Ucmoglobin. — Solutions of o.xygenated 
hemoglobin were frozen in the usual manner in a bath of dr>' ice and alcohol, then dried, re- 
dissolved in water, and analyzed for total and active hemoglobin. The effects of varying 
quantities of added electrolytes were studied. In these experiments, the dried preparation 
was not stored, but was immediately redissolved and analyzed. 

Analysis of Hemoglobin Solutions and Dried Preparations 

Determination of Small Amounts of Oxygen in Solutions of Deoxygenated Hemoglobin. — In 
determining oxygen in almost completely deoxj’gcnatcd hemoglobin solutions it was found 
necessarj', needless to say, to avoid the slightest contact of air with the hemoglobin solution. 
For this reason samples could not be transferred to tire manometric apparatus by the usual 
method of pipetting. The gasometric method of Van Slyke and Neill (5) for the determina- 
tion of o.xygcn was therefore modified to permit transfer of measured samples of deo.xj’gen* 
ated hemoglobin solutions directly from the vessel in which the deo.xygenation was performed 
into the diamber of the manometric apparatus. The usual order' of first measuring dilute 
ferricyanide solution into the chamber, extracting the air from it, and tlien measuring the 
blood sample, was of necessity reversed. The hemoglobin solution was first measured into the 
chamber, the sample being measured by a 2 ml. mark on the chamber; then 3 ml. of com- 
pletely deaerated w'ater from a mercury-sealed vessel (Fig. 2) was measured in, followed by 
0.3 ml. of 32 per cent ferricyanide. In using this reversed procedure the chamber must be 
made completely air-free before admitting the deoxygenated sample. 

Calibration of the chamber to receive a 2 ml. sample was effected by admitting into the 
chamber 2 ml. of water from a pipette provided with a rubber-ringed tip wliich was pressed 
through about 0.5 ml. of mercury in the cup of the chamber. The stopcock of the chamber was 
closed without admitting mercury from the cup so that the 2 ml. of water occupied the capillary 
below the cup and the chamber to a point a little above the usual 2 ml. mark. The level of 
the mercury meniscus was marked on the cliamber. 

Before analysis the chamber of the manometric apparatus was freed of air by extracting the 
dissolved gases from a few milliliters of water in the evacuated chamber and ejecting the 
evolved air and tlie water. Approximately 1 ml. of mercury from the chamber was then run up 
into the cup. The rubber-ringed tip of the vessel (upper part of Fig. 1) containing the de- 
oxygenated hemoglobin solution was pressed into the bottom of the cup of the chamber under 
mercury. Mercury from the chamber was nm up through the capillary delivery'' tube of tlie 
vessel (Fig. 1) and into its side arm, displacing air from the delivery tube. Then 2 ml. of the 
hemoglobin solution were admitted into the chamber to the temporary calibration mark nia e 
on the chamber, followed by 3 ml. of air-free -water from the vessel shown in Fig. 2. The mer- 
cury was removed from the cup and two drops of caprj'lic alcohol were admitted into e 
capillary below the cup. Approximately 0.5 ml. of water was then placed in the cup an 
ml . of the 32 per cent potassium ferricyanide was delivered into the chamber from a ru er 
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tipped burette graduated in 0.01 ml., the tip of the burette being pressed under the water into 
the bottom of the cup above the Van Slyke-Neill chamber. The rest of the oxygen determina- 
tion was carried through as described by Van Siyke and Neill (5). 

Dctennination oj Acthi^ Htmoglobitt and Total Homoglobin , — Active hemoglobin (capable {)£ 
binding CO) and total hemoglobin were determined in the solution by the carbon monoxide 
capacity method as described by Van Siyke, Hiller, Weisiger, and Crua (6). 

Calculations , — The difference betw'een the total hemoglobin content of the solutions and 
the active hemoglobin content is calculated as the inactive hemoglobin fraction hereafter 
designated as methemoglobin. 


, tv. 1 1 . j w Active hemoglobin 

Per cent active hemoglobm was calculated as 100 X hemoglobin ‘ 

_ , . - ... 1 I j tA/x Os content X 100 

Per cent deoxygenated hemoglobm was calculated as 100 r- . 

CO capaoty 



Results will Oxygenated Hemoglobin Solutions 

Effect of Freezing and Thawing— Solutions of oxygenated hemoglobin which 
had been analyzed for active and total hemoglobin were frozen quickly by im- 
mersion in a bath of dry ice and alcohol, then permitted to thaw at room temper- 
ature and again analyzed for active hemoglobin. The results of such an experi- 
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ment are shown in Fig. 3. Freezing and thawing caused no change in the 
activity of oxyhemoglobin solutions. 

EJfecl of Freezing and Drying Oxygenated Hemoglobin Solutions . — Solutions 
of oxygenated hemoglobin which had been analyzed for active and total hemo- 
globin were frozen, dried, redissolvcd in water, and again analyzed for total 
and active hemoglobin. The results obtained in a typical e.xperiment of this 
kind are shown, in Fig. 3. In all experiments of this nature, 20 to 30 per cent 
of tlie original active hemoglobin was changed to methemoglobin. Precautions 
taken to exclude air at time of redissolving did not change the activity. Ex- 
posure of tlie dried oxyhemoglobin to air for 3 minutes at room temperature 
and for 24 hours at 4°C. before dissolving did not alter the activity. The 
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Fig. 3. Effect of freezing and drying oh oxygen-binding capacity of oxyhemoglobin 

addition of electrolytes to concentrations usually found in plasma slightly 
increased the yield of active hemoglobin. The addition of sodium oleate did 
not affect the formation of methemoglobin. 

Results with Deoxygenated Hemoglobin Solutions 

Effect of Deoxygenation on the Activity of Hemoglobin Solutions. Deoxygena- 
tion of solutions of oxyhemoglobin caused no change in tlie activity measured 
by CO-binding capacity. The results of a typical experiment are shown in 
Fig. 4. In this experiment 99.7 per cent of the oxyhemoglobin was deoxy- 
genated, The hemoglobin went through the procedure of repeated vacuum 
extraction of the gases without losing as mucli as 1 per cent of its CO-binding 
activity. In no such experiment was there a loss of activity greater than 1 
per cent. 

Effect of Freezing, Drying, and Redissolving of Deoxygenated Hemoglobin 
Solutions. — ^When dried preparations of deoxygenated hemoglobin kept in 
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vacuo were dissolved in oxygen-free water in an atmosphere of nitrogen the 
activity of the resulting hemoglobin solution was the same as that of the de- 
oxygenated solution before freezing and drying, as shown in Fig. 4. Analyses 
of o.xygen content showed that the resultmg solutions were between 99 and 100 
per cent deoxygenated. 

When dried preparations of deoxygenated hemoglobin kept in vacuo were 
dissolved in water containing air, as described previously, in such a way that 
the air was removed from the space between the ampule and the vessel contain- 
ing water before the ampule was opened, solution of the dried powder was im- 
mediate and resulted in a preparation of the same activity as that of the original 
solution of deoxygenated hemoglobin as shown in Figs. 4 and 5. The hemo- 
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Fig. 4. Effect of freezing and drying on oiygen-binding capacity of reduced hemoglobin. 


globin, after solution had been effected, could be exposed to either air or a 
stream of pure oxygen without any increase in the methemoglobin content of 
the solution. The results of three such experiments are shown in Table I. 

When, however, the dried deoxygenated hemoglobin was exposed to air for 
3 minutes before dissolving in water, the activity of the resulting solution was 
reduced by 33 per cent as shown in Fig. 5. This reduction in activity occurred 
whether the water was oxygen-free or satmrated with air. WTien the dry 
product was exposed to air at 4°C. for 1 month before dissolving, the activity 
fell 60 per cent. Even momentary exposure of the dried deoxygenated hemo- 
globin to air at reduced pressure with subsequent rapid evacuation of admitted 
air, was followed by a very significant reduction in the active hemoglobin frac- 
tion amounting to approximately 10 per cent of the active hemoglobin originally 
present. 

Once the dried deoxygenated hemoglobin had been dissolved, an increase in 
methemoglobin did not occur with exposure to air or oxygen (Table I) and the 
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concentration of active hemoglobin remained constant over a period of weeks 
if kept at temperatures of 4r-6°C. All solutions dissolved by any of the three 
procedures used above were reanalyzed after a period of 3 weeks at 4-6°C, 


T^\BLE I 

EJJecl oj Oxygenation of Rcdissolvcd Reduced, Frozen, and Dried [Icmogiobin Solutions on Activity 


State oi solution 

Oxygen 

content 

Per cent 
dcoxy- 
gesated 

Tout 

bcmoglobin 

Active 

hemoglobin 

Activity 


rtf/, per cent 

per cent 

CfJi. p<r 
IQO ml. 

X>». per 
100 ml. 

per cent 

Before oxygenation 

0.06 

99.1 

5.41 

5.07 

93.6 

rVfter oxygenation 



5.43 

5.03 

92.6 

Before oxygenation 

; 0.02 

99.8 

6.13 

5.81 

94.8 

After oxygcnaU’on 



6.17 

5.84 

94.6 

Before oxygenation 

0.03 

99.7 

7.11 

6.76 

95.0 

After o.xygenation 



7.16 

6.82 

95.4 


Methemoglobin. 


Active 

he moglo bia 


Pep 

cent 

iOO 
90l 
60| 

sol 

40 
30 

2o| 
10 
0 


93,6/0 


Original 

solution 


936/ 


Dried 
reduced 
hemoglobin 
dissolved in 
voter before 
exposure to 
oip or 
oxygen 



62.3/ 


Dried 
reduced 
hemoglobin 
exposed to 
air 3 min. 
before 
dissolving 
in water 



42.2/ 


Dried 
reduced 
hemoglobin 
exposed to 
oirl month 
etd"^ before 
dissolving 
in water 


Fig. 5. Effect of air (oxygen) on o.xygen-binding capacity of diy reduced hemoglobin. 


and were always found to have the same quantity of active hemoglobin as when 
they were initially dissolved. 

Stability of Dried Deoxygenated Hemoglobin Stored in V actio at Various Temper- 
atures. — ^Ampules of dried deoxygenated hemoglobin sealed in vacuo were 
stored at 4°C. for periods of time up to 180 days, then dissolved in oxygen-free 
water and analyzed. In each instance there was no decrease in active hemo- 
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globin in any of the samples so tested over the entire 180 day period. One 
such experiment is shown in Fig- 6. Ampules stored at room temperature, 
which varied between 20° and 30°C., were removed at intervals and the dried 
hemoglobin was redissolved in oxygen-free water and analyzed. Again no 
deterioration of the product was noted with time. One such experiment in 
which the ampule had been stored for 180 days is shown in Fig. 6. The hemo- 
globin solution was found to be 99.7 per cent deoxygenated and had an activity 
identical with that of the original solution from which the dried product was 
prepared. An ampule stored at 38°C. for 1 month before dissolving was found 
to be 99 per cent deoxygenated, with no loss in activity. Another ampule 
stored at 38°C. for 92 days was foilnd to be 87.9 per cent deoxygenated, with 


Tfei* Opioinol 
solution 

lOOr 


Methemoqlobin 


Active 

hemoglobin 


90 

SO- 

TO 

60 

50 

4o] 

30 

201 

10 


Days stoned 
Storage temp.,°C. 



160 


180 

20-30 

(room) 


92 

38 


7 

56 


Fig. 6. Stability of dried reduced hemoglobin stored in -Qaciio. 


an activity 98.8 per cent of the original solution. This is shown in Fig. 6. We 
believe the apparent decrease in the percentage of deoxygenated hemoglobin 
in this one instance was an artifact and occurred during the process of redis- 
solving. One ampule stored at 56°C. for 7 days was found to be 99 per cent 
deoxygenated and had an activity of 98.3 per cent of the orimnal solution 
(Fig. 6). 


DISCUSSION 

That crystalline oxyhemoglobin cannot be dried wdthout loss of activity was 
first shown by Bohr (7) in 1892. Subsequently attempts to dry crystalline 
oxyhemoglobin reported by Hufner (8), Heidelberger (9), Van Slyke, Hastings, 
Heidelberger, and Neill (10), and Barcroft (11) were uniformly unsuccessful, 
as either a very large fraction or all of the hemoglobin was converted into methe- 
moglobin by the procedure. Cannan and Redish (12) were unable to prevent 
from 40 to 60 per cent of the hemoglobin from being converted into methemo- 
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globin by drying either (1) “in vacuo from the frozen state,” or (2) “ by addition 
of anhydrous sodium sulfate to the crystal cake” or (3) “by air-drying a con- 
centrated solution in a cellophane bag.” Amberson, Jacobs, Hisey, and Monke 
(13) found on freezing and drying oxyhemoglobin solutions that methemoglobin 
constituted half or more of the total pigment. When the solutions were de- 
gassed prior to freezing, methemoglobin formation was definitely decreased, 
although far from being suppressed. When glucose was added to 5 per cent 
concentration to the hemoglobin solutions before freezing and drying, the 
amount of methemoglobin formation was reduced to about 20 per cent of the 
total pigment. Such solution, however, could not be completely dried. To 
secure a dry product only 1 or 2 per cent glucose was addeii and under these 
conditions up to 25 per cent of the hemoglobin changed to methemoglobin. 
Our experience with o.xyhenioglobm has been similar. 

In 1937 Morrison and Hisey (3) found that if hemoglobin solution was dried 
by distilling off the water in vacuo at 3S°C., and was redissolved without contact 
with air the average loss of o.xygen-binding activity was only 3 per cent. Mor- 
rison and Hisey demonstrated that o.xyhemoglobin in the dry state forms metlie- 
moglobin much more rapidly than does oxj'hemoglobin in solution, and that 
removal of oxygen, which they accomplished by distillation, is a prerequisite 
to drying without methemoglobin formation. 

After this work was finished, Pennell, Smith, and Werkheiser (14) published 
a procedure for removing the o.xygen from o.xyhemoglobin solutions which ap- 
pears better adapted to large scale preparations. These authors obtain com- 
plete deoxygenation by action of the enzymes in laked cells after addition of 
nicotinic acid and glucose. 


SUMMARY 

The technique for freezing, drying, and preserving in vacuo wliich is in com- 
mon use for plasma can be successfully applied to hemoglobin solutions when 
the hemoglobin is first deoxygenated to the extent of 99.7 per cent or more. 

In confirmation of Morrison and Hisey, the preliminary deoxygenation of 
the solution is found necessary to avoid formation of methemoglobin during 
drying. If a solution of oxyhemoglobin is frozen and dried, 20 to 30 per cent 
is changed to methemoglobin. 

Deoxygnated hemoglobin dried and preserved in vacuo retained all its oxygen- 
binding activity for 180 days, when stored at temperatures from 4° to 30 C. 
Storage at 38°C. for 92 days, or at 56° for 7 da}^, caused no loss in activity. 
The dried hemoglobin had a foam structure which caused it to dissolve immedi- 
ately upon contact with water. 

Deoxygnated hemoglobin inthedry state was partly converted to methemoglo- 
bin by even momentary contact with oxygen. When, however, the deo.xy- 
gnated hemoglobin was dissolved before it was e.xposed to air, the hemoglo- 
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bin in solution was relatively stable, and could be stored for months at 4° in 
contact with air without significant loss of activity. 
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The most serious deterrent to the intravenous use of hemogJobin solutions 
has been the fear of renal damage such as has been observed to occur following 
its use, as also after tr ansf usion reactions. ChiUs and fever have also been 
noted in man, but these reactions have proved of minor significance. The 
tmtoward results have been variously attributed to red cell stroma, abnormal 
concentrations of potassium, bacterial contamination, chemical changes in 
the hemoglobin, and even referred to the hemoglobin itself.' 

Attention was first directed by Baker and Dodds (3) to changes in kidney function 
resulting from the intravenous injection of hemoglobin solutions into rabbits. These 
authors concluded that hemoglobin, which readily passes through the glomerular 
membrane, is precipitated in the kidney tubules where concentration of the glomerular 
filtrate takes place. They believe that two factors, increase of acidity and increase of 
salt concentration, together caused precipitation of the hemoglobin, and that in turn 
this precipitated hemoglobin mechanically plugged the tubule lumens. As a conse- 
quence of this plugging, renal function was damaged; a rise in blood urea nitrogen was 
taken as evidence of this damage. De Nevasquez (4) disagreed with the conclusions 
of Baker and Dodds when he found that for rabbits, in spite of elevated blood urea 
nitrogen, renal fimction as judged by the excretion of phenol red, remained normal 
regardless of the acidity of the urine following the intravenous injection of hemoglobin. 
De Gowin, Osterhagen, and Andersch (5) injected laked dog red blood cells (stroma 
not removed) into dogs and appeared to confirm the findings of Baker and Dodds, 
but on examination of stained sections of kidneys from these animals, De Gowin, 
Warner, and Randall (6) were led to state that although plugging of the renal tubules 
was observed there was an unexplained nephrotoxic process which could cause renal 


* The work described in this paper was done under contract, recommended by the Com- 
mittee on Medical Research, between the Office of Scientific Research and Development and 
The Rockefeller Institute for Medical Research. 

t The Bureau of Medicine and Surgery of the United States Navy does not necessarily 
undertake to endorse views or opinions expressed in this paf>er. 

' For bibliography pertaining to the various methods of preparing solutions of hemoglobin 
see Hamilton, Farr, Hiller, and Van Slyke (1). For bibliography pertaining to the intra- 
venous administration of hemoglobin solutions to animals and man see Farr, Hiller and Van 
Slyke (2). ’ 
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insufficiency, inclependcnL of and in the absence of mechanical obstruction of the 
tubules by precipitated hemoglobin. Bing (7) investigated renal function of normal 
and acidotic dogs receiving hemoglobin injections and concluded that hemoglobm and 
methcmoglobin in tlie normal dog and hemoglobin in the acidotic dog gave no depres- 
sion of renal function as measured by clearance of para-amino hippuric acid and 
creatinine. lie did find, however, that methcmoglobin caused marked depression of 
kidney function when injected into acidotic animals. It appears that in Bing’s e.xperi- 
ments with methemoglobin and acidosis the animals suffered other damage in addition 
to depression of kidney function, because the dogs were usually moribund by the 3rd 
day after receiving the injection. As a rule, dogs do not become moribund from renal 
failure alone till the 4th to 8th day, even after surgical removal of both kidneys (8, 9). 

In an attempt to gain further insight into the renal effects of treating shock 
by intravenous injection of hemoglobin solution the writers have infus^ solu- 
tions of dog hemoglobin prepared by the method of Hamilton, Farr, Hiller, 
and Van Slyke (1) into dogs in hemorrhagic shock. Renal function was in- 
vestigated before and after replacing 50 cc. of blood per kilo body weight by 
an equal volume of appro.ximately 7 per cent hemoglobin solution. 

Preparation of Plasma and Hemoglobin Solutions for Infusion 

Blood was collected from normal dogs in sterile 100 cc. centrifuge bottles containing SO 
mg. heparin and centrifuged. The plasma was siphoned off, pooled, sterilized by passing 
through a Seitz filter, and stored in sterile bottles at 4°C. 

From the residual red blood cells, solutions of hemoglobin were prepared according to the 
procedure described in an accompanying paper (1) . The hemoglobin of the solutions was 95 
to 98 per cent in the active form capable of carrying o.vygen. Methemoglobin solutions were 
prepared by adding 1.1 moles of sodium ferricyanide per mole of hemoglobin. Analysis 
showed that at least 99 per cent of the hemoglobin was in the inactive form, incapable of 
carrying oxygen; i.e., as methemoglobin. 

Methods of Analysis 

Total hemoglobin content of the injected hemoglobin solutions and of plasma and urine of 
dogs after hemoglobin injection was determined by the carbon mono.xide capacity method, with 
addition of NaaSiOi to reduce any ferrihemoglobin to ferrohemoglobin ("active Hb’’), accord- 
ing to the method of Van Slyke and Hiller (10) as modified by Van Slyke, Hiller, Weisiger, and 
Cruz (11). 

Methcmoglobin content of injected solutions and of plasma and urine of dogs after injection 
was calculated as the difference between total hemoglobin and active hemoglobm (11). 

Blood plasma urea nitrogen was determined by the hypobromite method of Van Slyke and 
Kugel (12). 

Urine urea nitrogen in the control periods, before hemorrhage, and in the earlier experiments, 
Figs. 1, 2, and 5, was determined by the hypobromite method of Van Slyke (13) but using the 
hypobromite reagent described by Van Slyke and Kugel (12). In tlie later experiments. Fig. 

7, urine urea nitrogen was determined by the urease-aeration method of Van Slyke and Cullen 
(14) and in Figs. 3 and 6 by the gasometric urease method of Van Slyke (15). 

Plasma chlorides were determined by the method of Van Slyke and Hiller (16). 

Plasma COj was determined by the method of Van Slyke and Neill (17 , 18). The conected 
factors of Van Slyke and Sendroy (19) were used to calculate tlie values for plasma COj. 
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Experimental Procedures 

In the initial experiments animals were used after an 18 hour period of fasting. In later 
experiments all animals were placed for periods of 7 to 10 days in metabolism cages. Daily 
morning fasting venous blood samples were drawn for determination of plasma urea nitrogen. 
Twenty-four hour urine excretions were also collected in large flasks containing thymol and 
completely immersed in crushed ice in order to keep bacterial growth minimal or absent. The 
24 hour output of urine urea was determined, and from the values of blood and urine urea the 

24 hour urea clearance values (?) (20) were calculated. This procedure was adopted 

because it eliminated the necessity of training animals to submit to catheterization. Female 
dogs were used in all experiments and were kept on stock laboratory diets. 

Animals were last fed on the morning of the day prior to withdrawal of blood and infusion. 

When the efiect of pre-existing acidosis as a complicating factor was investigated, the 
animals were given 0.25 gm. of ammonium chloride per kilo body weight, administered as 0.9 
per cent solution by stomach tube in three doses, oix. during the monung and evening of the 
day before bleeding and infusion and before anesthetization on the morning of withdrawal of 
blood. 

On the day of hemorrhage and infusion the animals were anesthetized with 30 mg. of sodium 
pentobarbital per kilo body weight (0.44 cc. of 6.6 per cent solution) and shaved. A femoral 
caimula and \irethral catheter were insetted. An initial sample of blood was taken and urine 
was collected for a 30 minute period for the determination of pre-hemorrhage lorea clearance 
values. Each animal was then bled 50 cc. every 7 to 10 nnnutes until the total volume of blood 
drawn reached 50 cc. per kilo body weight. Plasma, or a solution of sodium chloride, of 
oxyhemoglobin, or of methemoglobin was then injected at the same rate at which the blood 
had been drawn and in the same volume. Ten minutes after the end of the infusion a sample 
of blood was drawn, urine was collected for a 30 minute period, and the urea clearance was 
determined. In some animals repeated urea clearances were measured during the ensuing 
4 hour period during which the anesthesia was prolonged by additional sodium pentobarbital 
mfusion. After the urea clearances were determined the femoral cannula was removed and 
the site of the operation sewn up, the catheter removed, and the animal returned to a meta- 
bolism cage. 

As in the pre-hemorrhage period, fasting plasma urea nitrogen was determined daily each 
morning and the urine area nitrogen output determined for the preceding 24 hours; 24 hour 
clearance values were calculated from these data. Clearance values and plasma urea nitrogen 
were followed till they had returned to the pre-hemorrhage level. 

EESTII.TS 

A. Experiments on Dogs •without Pre-Induced Acidosis 

Effect of Sodiim Pentobarbital Anesthesia on the Urea Clearance and Acid- 
Pose Balance. — In eight nonnal dogs 24 hour urea clearances done for 5 con- 
secutive days were averaged as the control clearance for each dog prior to the 
day of anesthesia, bleeding, and infusion. A urea clearance obtained in each 
of these dogs over a period of 30 to 60 minutes after injection of sodium pento- 
barbital showed no appreciable change in one animal, but in seven dogs the 
clearance fell to from 47 to 82 per cent of the control clearance and averaged 
bo per cent of the control. 
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Sera of four normal dogs analyzed for CO 2 and chloride before and 1 hour 
after injection of sodium pentobarbital showed no appreciable changes. The 
average CO 2 was 24.5 mM per liter before and 25.5 one hour after anesthesia. 
The average chloride was 113.9 mu per liter before and 112.7 mil one hour after 
anesthesia. 

Controls without Replacement of Drawn Blood. — Six dogs were bled without 
replacement. A period of about 12 hours’ oliguria followed in each case, but 
all the dogs then resumed excretion, and all recovered. Blood urea nitrogen 
rose a few milligrams per 100 cc. during the oliguria, but did not usually exceed 



Fig. 1. Hemorrhage with plasma infusion. 


20 mg. During the next day blood urea nitrogen and urea clearance had re- 
turned to approximately pre-hemorrhage level. 

Replacement of Blood by 0.9 Per Cent NaCl Solution. — ^Two dogs were bled, 
and the withdrawn blood replaced with an equal volume of 0.9 per cent NaCl 
solution. The post-hemorrhagic oliguria was relieved by the injection. Both 
animals recovered and showed no significant elevation of blood urea nitrogen. 
Urea clearances were slightly depressed during tlie remainder of the day but 
returned to pre-hemorrhage levels on the following day. 

Plasma CO 2 in these two dogs fell following hemorrhage and infusion to 80 
per cent of the initial values, but returned to normal on the following day. 
The fall in CO 2 was balanced by an appro.ximately equivalent rise in plasma 
chloride. 

Replacement of Blood by Plasma. — Six dogs were used in this series. A typical 
result is shown in Fig. 1. The post-hemorrhagic oliguria is here shown by the 
low clearance before plasma infusion began. The oliguria was promptly re- 







P. B. aViOLTON, A. HILLER, AND D. D. V^VN SLYKE 


481 


lieved by the plasma infusion. These animals all recovered without having 
shown any significant elevations of blood urea. Urea clearances during the 
hours after hemorrhage and plasma infusion were only slightly depressed, and 
on the following day were approximately the same as the pre-hemorrhage 
clearances. 

It appears from these three sets of animals that the withdrawal of 50 cc. of 
blood per kilo body weight, whether replaced by plasma or NaCl solution, or 
not, does not affect kidney function for more than 24 hours. 

An unexpected phenomenon following the plasma infusion was transitory 
edema, especially evident in swelling of the muzzle areas. The infusion in- 
aeased the drculating plasma volume {although presumably not the total 
blood volmue) to greater than pre-hemorrhage level; this increase may have 
been the cause of the edema. 

Replacement of Blood by 7.6 Per Cent Oxyhemoglobin Solution . — 

(o) Effects on Renal Function. — Four dogs were observed in this series. In 
each the post-hemorrhagic oliguria was at once relieved by the hemoglobin 
infusion. The urea clearance rose at once to pre-hemorrhage level (Figs. 2 
and 3) and then feU again during subsequent hours. This secondary fall in 
clearance (which was not noted when the lost blood was replaced by plasma 
(Fig. 1)), appears to indicate specific, though temporary, damage to the Mdney. 
In two of the four dogs there followed during the next day a rise of clearance 
to nearly pre-hemorrhage level (example. Fig. 2). Plasma urea nitrogen rose 
only a few milligrams. In the other two dogs, however, a number of days were 
required for complete recovery (Fig. 3), and plasma luea nitrogen rose higher 
(to 44 mg. in the dog of Fig. 3 and to 70 mg. in the other dog, not shown in the 
figures). 

The edema noted after plasma infusions was not observed after the infusions 
of hemoglobin solution. 

(6) The Fate of Injected Oxyhemoglobin. — ^The maximal concentration of 
hemoglobin reached in the plasma was approximately 5 gm. per 100 cc., ob- 
served immediately after finishing the infusion. The “half-life” of the oxy- 
hemoglobin in the circulating plasma was about 8 hours; i.e., whatever hemo- 
globin concentration was present at a given moment in the plasma was reduced 
to about half in the next 8 horns. This is illustrated in Fig. 4, where the hemo- 
globin remaining in the plasma at various times after injection is expressed as a 
fraction of the maximal hemoglobin concentration obtained immediately after 
infusion. After 48 hours traces of pigment were still visible; in 72 hours the 
plasma was clear. 

In the infused oxyhemoglobin solutions 3 or 4 per cent of the total pigment 
was methemoglobin, and this proportion was present in the plasma pigment at 
the end of the infusion, making a plasma concentration of about 0.2 gm. of 
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methemoglobin per 100 cc., total plasma hemoglobin being about 5 gm. per 
100 cc. While the active hemoglobin disappeared rapidly, the methemoglobin 
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Fig. 2. Hemorrhage with oxyhemoglobin infusion. 
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Fig. 3. Hemorrhage with oxyhemoglobin infusion. 

concentration was approximately maintained for several hours, during wliich 
presumably a slow transformation of active hemoglobin into methemoglobin 
occurred, balanced by an equal rate of removal of methemoglobinffrom the 
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plasma. Later the methemoglobin diminished, and disappeared with the 
o.xyhemoglobin. 

Hemoglobin began to appear in the urine within about 15 minutes after the 
infusion was started. Altogether 30 to 40 per cent of the hemoglobin infused 



Fig. 4. Rate o£ disappearance o£ infused hemoglobin from plasma. Hbo = Hb 

concentration observed in plasma immediately after infusion. Hb, = Hb concentration I 
minutes after end of infusion. The points are from five different experiments, three with 
oxyhemoglobin, two with methemoglobin. Disappearance rate was about the same with both 
types of Hb. 

was excreted in the urine. The remainder was presumably taken up by the 
animal’s tissues. 

Keplacemenl of Blood by 7.6 Per Cent Melhemoglobin Solution . — 

(o) Effects on Renal Function. — Two dogs were tested. The effects on renal 
function were not markedly different from the effects of o.xyhemoglobiD infu- 
sions. As in the dogs receivmg oxyhemoglobin, the post-hemorrhagic oliguria, 
observed in the dogs receiving no replacement fluid, was at once relieved. Some 
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elevation of blood urea nitrogen and some depression of clearance values were 
observed; the plasma urea nitrogen rose for the first 3 days to maximum values 
of 54 and 69 mg. per 100 cc. and thereafter dropped rapidly to normal levels 
within the next 3 days. The urea clearance values remained somewhat de- 
pressed during the time of elevated plasma urea nitrogen and thereafter rose to 
normal levels. The findings in one of these animals are illustrated in Fig. 5. 
The further course of these animals was uneventful. 

(6) Fale oj Injected Methemoglobin . — ^'Fhe rate of disappearance of the methe- 
moglobin from the plasma was practically the same as that of o.xyhemoglobin, the 
half-life being about 8 hours, as shown in Fig. 4. 



Fig. 5. Hemorrhage with methemoglobm infusion. 


Transformation of methemoglobin to active hemoglobin (capable of binding 
Oo and CO) occurred much more rapidly than the reverse reaction noted after 
oxyhemoglobin infusions. Forty minutes after the end of an infusion about 
40 per cent of the pigment present in the plasma was in the form of active 
hemoglobin. As the concentration of total hemoglobin in the plasma fell, the 
proportion in the form of active hemoglobin continued to rise, reaching 60 to 
65 per cent 8 hours after the end of the infusion, and remaining there as long as 
enough pigment remained to be accurately measured. 

In the urine about the same proportion of the injected pigment was excreted 
(30 to 40 per cent), as after infusion of oxyhemoglobin. In a urine which was 
analyzed for methemoglobin and total hemoglobin the ratio was found to be 
practically the same as that in the plasma during the excretion. 

B. Experiments on Dogs with Acidosis Induced by Administration oj NHiCl 

before Hemorrhage 

Controls without Replacement of Drawn Blood . — ^Hemorrhage itself always 
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caused a fall in plasma COj (e.g. Fig. 3). The somewhat greater degree of 
addosis reached when NHtCl had been previously administered appeared to 
be without significant influence on the renal effects of the hemorrhage. There 
was the same transitory oliguria and period of depression of urea clearance, 
followed by return to normal clearance within 24 hours, as shown in Fig- 6. 

Replacemenl of Blood by Plasma. — One acidotic dog was observed in which 
the drawn blood was replaced by an equal volume of dog plasma. The degree of 
addoas was similar to that of the animal in Fig. 6, plasma COi being reduced 
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from 25 to 17 millimoles per liter by the ammonium chloride, falling to 13 after 
hemorrhage, and returning to normal on the following day. The post-hemor- 
rhagic oliguria was promptly relieved by the administration of plasma, mea 
dearance values returned to normal on the same day and remained normal 
thereafter. The plasma urea nitrogen never deviated from low normal values, 
6 to 12 mg. per 100 cc. 

Replacement of Blood by 7.1 Per Cent Oxyhemoglobin. — One animal. Fig. 7, 
was investigated. Comparison with Fig. 3 indicates but little influence of the 
addosis on the renal eflfect of the replacement. 

SUMMARY 

Dogs were bled 50 cc. per kilo body weight and the blood withdrawn was re- 
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placed by equal volumes of 0.9 per cent NaCI solution, plasma, or 7 per cent 
oxyhemoglobin or metliemoglobin solution. 

Control dogs in which the withdrawn blood was not replaced by another 
fluid showed anuria or oliguria and depressed urea clearance for several hours 
after bleeding, but renal function returned to normal the ne.xt day. 

Administration of 0.9 per cent NaCI solution or plasma promptly relieved 
the post-hemorrhagic oliguria and accelerated return of urea clearance values to 
normal. 

Administration of o.xyhemoglobin solution promptly relieved the post-hemor- 
rhagic oliguria, but in some cases was followed by a period of 3 to 5 days in 



which the urea clearance values were depressed to approximately 25 per cent 
of normal with an accompanying moderate elevation of plasma urea nitrogen. 
Return to normal clearance ensued during the next 5 or 6 days. The animals 
gave no signs of renal failure. 

When pre-hemorrhagic acidosis was induced by the administration of ani- 
moniiun chloride (plasma CO2 reduced from the normal 25 to about 17 mil- 
limoles per liter) the renal behavior after replacement of blood by plasma or 
hemoglobin solution was essentially the same as in dogs not treated with am- 
monium chloride. However, since hemorrhage itself caused acidosis nearly 
as severe as that produced by NH4CI the results do not e.xclude acidosis as a 
factor in the effects of all the experiments. 

After infusion of either hemoglobin or metliemoglobin the concentration of 
total hemoglobin in the plasma fell off at such a rate that any given concentra- 
tion was reduced by about 50 per cent in 8 hours. A small amount of pigment 
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remained at the end of 48 hours in the circulating plasma but none was detect- 
able at the end of 72 hours. 

\Vhen methemoglobin was introduced into the circulation, it was rapidly- 
converted into active hemoglobin. After injecting a 7.6 per cent solution of 
methemoglobin (99 per cent methemoglobin), 41 per cent of the pigment in 
the circulating plasma was found to be active hemoglobin 35 minutes after the 
injection was completed. 

No significant difference was noted between infused o^hemoglobin and 
methemoglobin, either in effects on renal function or in rates of disappearance 
from circulation and excretion in the urine. 

CONCLUSION 

The immediate effects of treating hemorrhagic shock in dogs by replacing 
lost blood with 7 per cent hemoglobin solution were favorable, both on renal 
function and on general condition. However, subsequent transitory depression 
of the urea clearance for several days, shown by some of the treated animals, but 
not by untreated bled controls, indicates sufficient possibility of renal damage 
by the hemoglobin solution to prevent its recommendation at present as a blood 
substitute. 
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STUDIES ON THE SENSITIZATION OF ANIMALS WITH 
SIMPLE CHEmCAL COMPOUNDS 
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In experiments on the sensitization of animals to certain simple chemical 
compounds, antibodies which induce passive anaphylaxis have been demon- 
strated in the serum (1). It has since been found possible to elicit reactions 
of the “early type”, simulating the Prausnitz-Kiistner reaction, in normal 
guinea pigs at st-in sites prepared with the serum of sensitized animals.' The 
eSect has been obtained with acyl chlorides, acid anhydrides, picryl chloride, 
and 2:4 dinitrochlorobenzene. Experiments of this type are described in the 
present paper together mth related observations on reactions occurring in the 
skin of normal guinea pigs as a result of interaction between antibodies and 
- common antigens. 


EXPERntENTAE 

SensitiMtion of Animals and Produclion of Anliseta . — Eor obtaining sera of satisfactory 
potency, it was necessary with most animals to extend the sensitizing injections over 5 to 12 
weeks or more, with intervening rest periods. The simple chemicals dissolved in olive oil 
or in com oil were injected intradermaUy into male albino guinea pigs,’ each injection collat- 
ing of 0.05 cc. of the vehicle containing 1/20 mg. of the incitant in most cases (cMhlorobenzoyl 
chloride, citracoaic anhydride, phthalyl chloride, 2:4 dinitrochlorobenzene), but 1/80 mg. 
of picryl chloride, and 1/5 mg. of phthalic anhydride. With the last substance, a concentrated 
solution in dioxane was added to olive oil {cf. Jacobs (6)). Once sensitivity had become es- 
tablished, the reactions developing upon subsequent injections were examined early (between 
30 minutes and 2 hours) as well as the next morning, since there is evidence for two maxhna 
corresponding respectively to the early and the delayed-type reactions (7, 9). Although the 
presence of effective concentrations of transfer antibodies could be determined only by trial 
bleedings and by testing the serum as described bdow, the occurrence of intense early reactions 
(with at times subadiary reactions of the early type around old injection rites {if. 6-8)) seemed 
to give the best indication as to probability of a high serum antibody level. It may be men- 

• The work here presented was largely done in association with the late Dr. Karl Land- 
staner, and was cited as item No. 344 in the latter's bibliography (2). 

t These have been reported briefly in reference 3; similar effects with antiprotein sera have 
liso been foimd (4). 

* Of the several stocks of albino guinea pigs employed, progeny from the colony established 
genetically as highly susceptible to experimental sensitization with 2:4 dinitrochlorobenzene 
(3), and subsequently pen-inbred, may have been somewhat superior in regularity of produc- 
tion of transfer sera. 


4S9 



490 


SENSITIZATION WITH CIIEMICiU. COMPOUNDS, X 


tioncd that the choice of olive oil or corn oil as vehicle for the chemical substances either in 
sensitizing or in eliciting reactions was shown to be immaterial for the results. 

To describe a typical c.\perience with ortho-chlorobenzoyl chloride: — 

One lot of 13 male albino guinea pigs was injected intradermally with 1/20 mg. of the chemi- 
cal dissolved in 0.05 cc. corn oil on 10 occasions over a period of 3 months, arranged in 4 
courses with intervening rest periods of 16 or 17 days— on days 1, 4, 8, 12j 29, 36, 43; 59, 65, 
73; 89. Twenty-eight trial bleedings made during this time reve.oled the transfer antibody in 
11 of the 13 guinea pigs; the best 4 animals were exsanguinated for serum — 1 on the 46th 
day, another on the 81st day, 2 on the 97th day. The various bleedings were tested in the 
skm of normal animals as described later; the test dose of o-chlorobenzoyl chloride was 1 to 2 
mg. given by the subcutaneous route. Reactions developing in 45 to 60 minutes with this 
substance were considered satisfactory. In a similar but more prolonged experiment with 
citraconic anhydride, a total of 11 injections was made over 19 weeks, and every guinea pig 
in the lot of 10 eventually developed a good content of transfer antibody. In all, inclusive of 
series treated over shorter periods of time, 44 satisfactory transfer sera were secured from a 
total of 80 animals sensitized to citraconic anhydride. In the case of this substance, sites 
prepared on normal recipients with such sera commonly reacted in 3 to 10 minutes. 

The sera reacting witli picryl chloride, developed by repeated intradermal injections of 
olive oil solutions, were nearly always less potent than those prepared in the same way to 
acid anhydrides and acyl chlorides (t.g., transfer sites in normal recipients reacted in 40 to 60 
minutes after subcutaneous injection of picryl guinea pig serum) and were encountered not 
too frequently. For instance, in the course of sensitizing injections on 13 guinea pigs, spaced 
approximately as described above, a total of 10 trial bleedings between the 37th and 72nd 
days demonstrated the antibody in 9 of the animals. Similar sera but of much higher activity 
were encountered almost regularly in animals which, behveen 4 and 7 weeks previously, had 
received intramuscularly an emulsion of picryl guinea pig serum, or picryl guinea pig stromata, 
along with paraffin oil and killed tubercle bacilli.’ 

With 2:4 dinitrochiorobenzene, transfer antibodies were obtained following intracutaneous 
injections (10 injections of 1/20 or 1/40 mg. of the chemical in 0.05 cc. olive oil over a period 
of 9 weeks), although the concentration of antibody in the sera was often low. Even in effect- 
ing sensitization by means of painting the skin ten times with a 2 per cent solution in alcohol, 
these antibodies were clearly, although feebly, detectable now and then. Another method 
which has yielded more active sera consisted of several intracutaneous injections of 1/50 mg. 
of the incitant dissolved in paraffin oil, to which killed tubercle bacilli had been added, .'^ter 
injections on five occasions over an 18 day period, 7 positive sera were found among 18 gumea 
pigs bled between the 28th and 40th days. 

Because transfer reactions with drug hypersensitivity sera were so readily elicited by the 
corresponding protein conjugates, antiprotein sera were prepared in guinea pigs (4). (The 
analogous work of Ramsdell (13), not then known to us, will be described later.) Horse 
serum (0.1 cc. of a 1:5 dilution) was injected intradermally, approximately in the sequence 


’ These emulsions were made with the aid of commercial preparations derived from lanolin, 
namely Aquaphor (Duke Laboratories) or Falba (Pfaltz and Bauer) and contained 10 mg. 
conjugate and 0.5 mg. dried tubercle bacilli in 1 cc., the amount injected into each animal, 
distributed between 4 or 5 sites. Such emulsions were used in preference to injecting the 
aqueous and oily phases separately as we did originally in sensitizing guinea pi^ to 
chloride by means of a protein conjugate and a suspension of killed tubercle baciffi in parato 
oil (10) . The preparation of Aquaphor emulsions incorporating dead tubercle bacilh in paraffin 
oil was devised by Freund as a method which confers substantial adjuvant effect on severa 
antigenic materials (I I, 12; cf, 4). 
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shown above for the first two courses with o-chlorobenzoyl chloride; on the 48th day, 1 week 
after the last injection, the sera of all 8 guinea pigs were found to give a transfer effect A 
second method, usually giving more active sera, was the procedure developed by Freund 
(11) namely a single injection into the muscles of the neck of an emulsion of horse serum, Aqua- 
phor, and killed tubercle bacilli in paraffin oil; the animals were bled 4 or preferably 6 weeks 
or longer afterwards. 

In view of the results obtained with horse serum, the preparation of anti-ragweed sera was 
undertaken. This proved possible (4) by intracutaneous injections of alumina floes of pollen 
extract or, apparently less regularly, by subcutaneous injection of defatted pollen incorporated 
in an Aquaphor emulsion with paraffin oil and dead tubercle badlli. The alum precipitates 
were made from a “7 per cent” extract of defatted low ragweed (Ambrosia ehiior) pollen in 
Coca’s alkaline fluid prepared without phenol, by adding 1/9 volume of 10 per cent potassium 
alum solution and suffident k/ 10 KaOH to neutralize the mixture; 0.1 cc. portions of such 
freshly prepared suspensions were injected into the skin twice a week for 3 weeks; then further 
injections were given after a month’s rest, and the sera were taken between the 9th and 12th 
weeks. Transfer sera against ragweed, of apparently higher titer, have since been obtained 
in guinea pigs by Kulka and Hirsch (14). 

Trial bleedings were made by heart puncture 1 to 3 days, rarely later, following a routine 
sensitizing injection and were tested in normal guinea pigs as described later. The donors 
chosen were exsanguinated between the 2nd and 10th days after the preceding sensitizing 
injection, commonly around the 5th day. The sera were stored in the re&igerator at 4r-7°C. 
without addition of preservative. 

Sensiiizing ClieJnUals. — Ortho-chlorohenzoyl chloride and citraconic anhydride, Eastman 
preparations, were redistilled in xacuo. Phihalyl chloride, a Kahlbaum preparation, was 
purified by fractional freezing. Injection of these three substances was made with solutions 
in oil prepared immediately beforehand. Phthalic anhydride was a commercial preparation 
(Eastman). Picryl chloride was twice recrystallized from a benzene-alcohol mixture, while 
2:4 dinitiochlotobenzene was recrystallized from alcohoL 

1‘reiein Conjugates. — For the preparation of o-chlorobenzoyl and phthalyl conjugates, 
10 cc. of guinea pig serum was treated with 0.7 cc. oi y Na-COj and shaken for several minutes 
with 0.5 cc. of chloroform containing 0.05 cc. of <?-chlorobenzoyl chloride or phthalyl chloride; 
a small additional amount of chloroform was later added and the shaking continued for a 
time. The aqueous solution was separated from the chloroform layer and the conjugated 
protein brought to flocculation by careful dropwise addition oi K HCL Where the amount 
of precipitate was rather heavj', several volumes of saline were added, .After centrifuging 
and discarding of the supernatant solution, the precipitate was dissolved in a small amount 
of saline with addition of s NaOH to neutrality, any insoluble residue being removed. The 
dry weight was determined upon a portion predpitated with alcohol. 

"Citiaconyl guinea pig serum” was made by shaking 0.05 cc. of citraconic anhydride with 
10 cc. serum for several nunutes, any precipitate fonning meanwhile being dissolved by partial 
neutralization with N NaOH. The mixture was precipitated by addition of x HCl, the con- 
jugated protdn separated by centrifugation and washed with saline; it was then dissolved in 
saline by adding K NaOH to pH 7.0. 

The preparation of “piciy'l gmnea pig serum” followed the method already described (1). 
Kcryl casein was made similarly, with a 7 per cent solution of H.ammars ten’s casein dissolved 
with sodium carbonate instead of serum, but predpitation with alcohol was omitted. In 
analogous manner, starting with dinitrofluorobenzene, “dinitrophenyl guinea pig serum” 
was prepared {(j. 1), here likewise with omisson of the alcohol predpitation. 

Preparation oj Skin Sites; Ruipient (Acceptor) Animats. — Male albino guinea pigs weighing 
between 350 and 450 gm. served as redpients. Injections oi guinea pig sera (0.15 cc. or less) 
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were made intradcrmally on the back between the loose skin over the pad of fat in the nuchal 
region and the skin over the pelvic girdle, and distant liy 22 to 30 mm. from the middorsal 
line. In the routine testing of sera, as many as 8 sites were prepared and tested simultaneously 
on one animal: tliis must be done witli discretion when it is to be e-Tpected that S or 6 sites 
may react, not only because strong reactions may spread and become confluent but also be- 
cause a portion of the antibody introduced at each site escapes into the circulation and con- 
tributes to a systemic reactivity. When multiple like sites react, the c.ctent of the individual 
reactions is apt to be less than when the sera arc tested singly; a similar situation was encoun- 
cred by Fischcl and Kabat (15) in studying the transferred .-Vrthus phenomenon in the rabbit 

With a given serum, the development and extent of the transfer reactions vary with the 
individual recipient and Avith age (weight). In addition, there may be differences in strains, 
since of the 2 stocks of guinea pigs chiefly employed animals of the one described in footnote 2 
have given more intense reactions. Male albino guinea pigs weighing between 350 and 450 
gm. have been used almost exclusively in the present experiments, but animals of 200 to 275 
gm. weight of either sex give larger and more striking reactions under the same conditions of 
test; conversely, guinea pigs weighing 500 gm. and over have rarely proved satisfactory, 
e.xhibiting erythema and edema only mcagerly. As mentioned, in any weight group and sex, 
individual variation occurs, and although only a few have failed to give indubitable responses, 
some animals have proved to be poor “acceptors," giving responses of feeble intensity and small 
diameter. When in a small experiment histamine dihydrochloride (0.05 cc. of 1:1200 dilu- 
tion calculated as the free base) was injected into the skin of two selected classes of animals, 
namely individuals wlucli had given large and prominent transfer reactions and those which 
had not, it turned out that members of the former group were all characterized in 10 to 15 
minutes by distinguishably larger, colorless swellings; but the method did not reveal sufBcient 
gradations to suggest its use for practicable preselection of recipients. To recognize individual 
differences among acceptors, it has been our practice in routine work to include a skin site 
prepared with a standard serum of the same sort as or, preferably, one of different specificity 
from that under test; in the latter case, an evaluation of the individual recipient may be made 
at some subsequent time without influencing the reaction under study. 

Testing of Antisera . — Testing was usually done 1 or 2 days after the preparatory injections, 
as soon as the sites were essentially normal in appearance. (With sterile guinea pig sera, 
toxic reactions were seldom encountered.) The specific reactions, developing in the prepared 
sites and spreading peripherally, witli erythema and edema, could be elicited either by local 
application of suitable test materials or by injection at a remote point. Where the simple 
chemical incitant is readily reactive, for instance with proteins, injection of amounts of about 
1 mg. (citraconic anhydride, phthalyl chloride) or 2 mg. (phthalic anhydride, o-chlorobenzoyl 
chloride) in a bland oil beneath the skin of the abdomen commonly produced a clear reaction 
within 3 to 45 minutes. In the same way, picryl chloride (1 mg.), which, chemically, reacts 
more slowly, led to observable reactions after 45 to 200 minutes; subcutaneous administration 
of the still less reactive 2:4 dinitrochlorobenzene was not effective (see footnote 5). Upon local 
injections of oil solutions into the prepared sites (in which case low concentrations are necessary 
to avoid toxic effects and the volume must be small), reactions ensued but these tended to be 
small and blurred, probably because of slow release of the chemical substance. With some 
substances, however, scratch tests made through dioxane solutions across the prepared sites 
could be used to advantage (citraconic anhydride, phthalic anhydride). With citraconic anhy- 
dride, scratches were made through a drop of 10 to 25 per cent solution in dioxane placed on ^e 
skin; similarly adequate concentrations of most other substances had some primary toxicity 

* Or scratches may be made elsewhere on the normal skin, with the consequence that the 
latent period is somewhat longer before reaction at the serum site starts. 
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for skin, so that the application was best confined to the scratch line. For this purpose, 
scratches were made with a No. 26 hypodermic needle (attached to a loaded syringe) having 
a \-ery small pendent droplet of the solution on the needle tip. With phthalic anhydride, 
a scratch test with a 25 per cent solution in dioxane was used, and this served well for testing 
either phthah'c anhydride ((/. 16) or phthalyl chloride sera. In some other cases, scratch 
tests across prepared specific sites also evoked reactions (40 per cent picryl chloride in dioxane, 
inidating a reaction in 50 to 120 minutes, and 15 per cent phthalyl chloride in olive oil, pro- 
ducing a reacdon of small size that started within 30 minutes) . The reaction is readily induced 
when soluble protein conjugates are substituted for the free chemical: local injections of rather 
small quandties may be made directly into the prepared area, or the conjugate in larger amount 
(1 to 50 mg.) may be injected subcutaneously at a remote site or intraperitoneally or intra- 
venously. Central wheats are most evident following the local injections of conjugates. 
When sites have been prepared with sera of low antibody content, the tests have seemed to be 
best made by the subcutaneous injecdon of fairly large amounts of protein conjugate (say 50 
to 75 mg.). With sera to 2 ; 4 dinitrochlorobenzene, the andbody has so far been satisfactorily 
demonstrable only with the corresponding dinitrophenyl protein conjugate. 

CltaracUristics of the Reaction . — After the preparatory injecdon, an interval of 7 to 10 hours 
is necessary for the skin site to become typically reacdve (see also 17). Tested prior to this 
time, the serum ate may show at best some transient slight degree of increased volume, the 
same effect as may be noted when a conjugate (or protein antigen) and the corresponding 
antiserum are injected as a nuxture; in both of these cases, the potential reactivity of the site 
is “discharged” and no reaction will ensue at a later retest {cf. 18). (In the rabbit, the situa- 
tion appears to be different: Ramsdell (13) found the rabbit ear to respond as soon as antiserum 
was deposited in the tissue, and Fischel and Kabat in a recent study (15) injected antibody and 
antigen into the same area of rabbit skin at an interval of 30 minutes in order to develop the 
delayed response characteristic of the Arthus phenomenon.) 

After the skin site has become capable of reaction there is a latent period — typically 3 to 
30 nunutes — ^between administration of the substance and the first appearance of a perceptible 
reaction. Of the various factors which influence the length of this latent period, apart from 
the question of the nature of the chemical substance, the foremost are the concentration of 
antibody in the antisemm, and the adequacy of the method of testing as to route and amount 
of substance; of lesser bearing is individual variability among recipient animals. Variations 
in the latent period arising from the different reactivities of the various chemicals may be 
nulHfied by testing with preformed conjugates of the chemical substances with proteins, and 
the sera can then be compared under equivalent conditions. That the latent period may re- 
flect the strength of the antiserum was observed in consecutive trial bleedings from animals 
undergoing active sensitization and in several of the experiments in which various dilutions 
of one antiserum were used to prepare skin sites (see p. 504). 

Almost independently of the manner of testing, which influences chiefly the amoimt of 
reactive material available and the rapidity of absorption, and thereby the latent period before 
the reaction starts, there usually appear first discrete dots of color, rash-like, over an area of 
1 or 2 cm., then additional pinkish patches, and confluence, all within 5 minutes {cf. 4); the 
onset of edema is apparent even then. In the most striking cases, the effect starts as an even, 
bluish (cyanotic) discoloration with tianaent but prominent erythematous streaks across the 
blue area; hyperemia and edema start almost at once at the periphery, and the pinkish color 
extends slowly into the bluish center which, incapable of developing edema for some minutes, 
probably because of intense vasoconstriction, ioms an umbilicate center in the reaction area. 
In either case, the erythema spreads from the central area peripherally and pseudopodrally, 
rapidly at first, followed more slowly by progresave edema which gradually replaces the ery- 
thema, The erythema may be maximal 10 to 20 minutes after onset of the reaction, while the 
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greatest diameter and swelling of tlie local area .arc attained still later. The area involved in a 
reaction varies with the strength of the scrum and with the particular animal; as mentioned 
above, when one animal has several like sites reacting at tJic same time, tlie areas are usually 
sniiiller. Reactions as large as 97 X 50 mm., involving practic.ally the entire dank, have been 
encountered, but even witli large reactions it is rare tliat the middorsal line is crossed. Ex- 
cept for occasional faint recrudescence of erythema a few hours later, whicli may be confined 
to the centr.al part of the area previously reacting, there is typically no further change, the 
edema receding in its turn and the skin appearing normal on the next d.ay; following intense 
reactions, brownish pigmentation may be visible for a day or so. (With antisera against 
horse serum, and sometimes with antisera against o-chlorobenzoyl chloride, there may be 
definite effects still present on tire following day.) 

When a typical, homologous reaction has once been induced, the site will not respond to a 
second testing, reflecting depiction of antibody. In the case of intense reactions, there may be 
a second factor, to be referred to later: the skin area does not fully recover its capacity to react, 
even to a different antigen-antibody system, for perhaps 6 to 8 days. When reactions are 
partial because of the use of insufficient antigen or allergenic chemical, a prompt retesting 
with adequate material m.ay call forth a second response, but the sites tend to become dis- 
charged (£/■. T.able VIU, test and retest of recipients). A few instances have been encountered 
in which sites have been discharged without e.xhibiting visible reaction, the specific substance 
corresponding to the antibody having been given subcutaneously in small amount on the day 
prior to the adequate test; on the other hand, the situation shown in test and retest of recipient 
4, Table VIII, is met with more often. These effects within a localized area, it will be recog- 
nized, have counterparts in the desensitization of animals (or organs) in the passively induced 
anaphylactic state. 

If no reaction is induced, the area remains responsive for 5 or 6 days, sometimes rather 
well so for 3 weeks or more. XVhile the length of fixation varies with the particular serum, 
probably reflecting its antibody content, the capacity of the local site to react is found to lessen, 
gradually, after the first few days. 

Exhaustion of Cutaneous Reactivity by Local Reactions . — It has been stated that an intense 
reaction may result in a temporary e.xhaustion of the capacity of a skin area to respond to re- 
stimulation. This exhaustion is perhaps best shown by inducing and charting the area of 
rather large transfer reactions on several animals. At various times thereafter on different 
animals, starting 2 days later, small amounts of an antiserum of another specificity may be 
injected along the margin and in the center of one of the areas that reacted previously. When 
this antibody is brought to reaction 1 day after its injection, sites at the periphery of the old 
area usually show a distinct crescent shape, with the concave side determined by the border 
of the initial area of reaction; thin, pincer-Iike projections of erythema may then spread into 
the area to complete a circular outline, and the extended crescent may slowly fill in, thereby 
producing a disc-like reaction, the newer segment not infrequently having lesser color ^d 
elevation. Sites made in the very center of the old area show substantially greater inhibition, 
and on the 3rd or 4th day after the primary reaction may show no more than fine dots of ery- 
thema over an area of perhaps 20 X 20 mm. This undoubtedly reflects the greater intensity 
of reaction in the center of an area (at the site of antibody deposition), just as does the central 
vasoconstriction seen at times in the primary reaction, or central whealing in hum.an Praus- 
nitz-Kiistner skin tests. By the 7th day, the old reaction area is nearly normal, and at the 9th 
day is indistinguishable from other areas of skin. 

A more widespread, but less complete, exhaustion of the skin’s capacity to react has been 
noted as well. When several successive reactions in different skin areas are to be developed 
at short intervals, as in the type of experiment shown in Table VI, but not illustrated therein, 
the last reaction is apt to be feebler in color and less sharply demarcated than its predecessors. 
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TABLE I* 

PasstK Local SensUicailon oj Normal Skin by Sera from Sensitized Guinea Pigs 


Sera injected intiacutaneously on the back in amounts of 0.15 cc. Test substances, dis- 
solved in 0.25 cc. com oil, injected 2 days later under the skin of the abdomen. 
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67' 






ti 

Cltracouic an> 



i « 7' 






hydride 

No change 


60 X 54 +■ el., very 


Keg. 

Keg. 



Iras. 



solt. 

20' 



2 

: 0 

CitXACOIUC HXL' 



5 - 4' 





1 

hydride 

1 Xeg. 


23 X 2g 4-H-, well 


Neg. 

Xeg. 



i los- 



1 el.. 

13' 








29 X 23 4-,m-eL, 

22* 








Color receded, 

70' 




a 

o-Chlorobea- 

i = 14' 








xoyl chloride 

25 X 25 +,sl.«l.. 

30* 







2 mg. 

Same, vrell eJ., 

55' 








Color receding. 

J05' 

Xo change 


Xeg. 

Neg. 

i 

0 

Citracooic an- 



i = 4' 






hydride 

Seg. 


50 X25 ++,ei.. 

14' 

Keg. 

Keg. 



1 mg. 



36 X 29 +, el., 

24' 








Color receded. 

70' i 





^Chloroben- 

i =« 17' 








zoyl chloride 

24 X 22 

30' 







2 mg. 

29X23 4-, v.m. el.. 

35' 

Ko change 


Neg. 

Keg. 




Color receded. 

105' 






* In this and other tables, the interval (in minutes) between administration of the chemical 
and appearance of a reaction is designated by “i.” The other entries show j&rst the reaction 
area (cross diameters given in millimeters), then the deg;ree of erythema to -f- h-r), finally 
the extent of edema. The key to abbreviated words is: si. el., slightly elevated; v. m. eh, 
very markedly elevated; swo!., swollen; al. els., almost colorless; ps., pseudopodial; tr., trace. 
Estimation of the edema seemed adequate, for it proved best to examine the area by very 
gentle palpation and to avoid folding of the skin. 

Tranter Effects -anlh Compounds of High Reaclimly 

Sera having a suitably high concentration of antibodies, obtained by injection 
of acyl chlorides and acid anhydrides, were injected in amounts of 0.1 to 0.15 
cc, intracutaneously into the skin of the flank or back of normal guinea pigs. 
The skin sites so prepared reacted specifically in the manner described, 
■when, on the following day, the-corresponding incitant was injected locally into 
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the area or elsewhere, injections under the abdominal skin being used preferen- 
tially. The reactions could be elicited not only by the simple substances 
but also by protein conjugates of the respective chemical substances; e.g., 
“phthalyl guinea pig serum,” and the like. 

A representative experiment is shown in Table I. Four skin sites were 
prepared on the backs of normal guinea pigs by injection of sera, two being 
from untreated guinea pigs and the others from animals sensitized respectively 
to o-chlorobenzoyl chloride and citraconic anhydride. After the lapse of 2 
days tlie two substances, dissolved in corn oil, were injected subcutaneously 
in turn at an interval of several hours. Reactions developed after latent 
periods of 4 to 17 minutes. It is seen that regardless of which substance was 
injected first only the corresponding serum site reacted. The second round 
of testing demonstrated that sites failing to respond to the prior test material 
had remained capable of reacting. 

Transfer Effects with Allergens of Lesser Chemical Reactivity 

Transfer antibodies were also produced by allergens of lesser chemical re- 
activity, even though with these substances sera of satisfactory potency were 
encountered less frequently. The reactions of sera obtained after courses of 
injections with picryl chloride are shown in Table II, in comparison with a 
serum obtained to o-chlorobenzoyl chloride. Here likewise, regardless of the 
order of injecting the test substances, the corresponding serum site alone re- 
acted. It will be noted that the reactions induced by picryl chloride developed 
slowly and only after fairly long latent periods (70 to 170 minutes), in contrast 
to the earlier response to the more highly reactive substance o-chlorobenzoyl 
chloride. When, however, the testing was done with preformed conjugates 
(recipients 3 and 4), the site prepared with serum to picryl chloride reacted 
promptly and much like the site prepared with serum against o-chlorobenzoyl 
chloride. The difference in reaction times seen with recipients 1 and 2 was 
therefore not a reflection of significantly different concentrations of antibody 
in the two sera but rather of the chemical individuality of the simple allergemc 
substances under test. Indeed, with antisera produced by treatment with 
2 : 4 dinitrochlorobenzene, which is chemically less reactive than picryl chloride 
(c/. 1), the simple substance itself gave no more than a much delayed, transient 
graying of a prepared site (10 hours after testing).® In contrast, the antibodies 
were readily and typically demonstrable by the use of conjugates, as in Table 
III. 

' For this effect, the skin was painted with 6 drops of a 10 per cent solution in olive oil at 
some distance from the prepared site, since this concentration has a high primary toxicity for 
normal skin. The highly reactive substance 2:4 dinitrofluorobenzene injected directly into 
prepared sites may have neutralized the antibody in the very center of the prepared area, but 
not the peripheral zone. 
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TABLE n 

Pasiiie Local Sensitization oj Normal Skin by Sera from Sensitized Guinea Pigs 


Experiment as in Table I, except that piciyl chloride was injected in 0.5 cc. com oil and 
the soluble protein conjugates were given in 1 cc. saline. 



Test injections 

Sera used ia preparing skin sites 

Redpi- 

ent 

Time 

Substance 

AuU-picryl chloride. No. 1 

Anti-i^chlorobenzoyl chloride 

i 

Normal 

guinea 

pig 

serum 

No, 

1 

hrs. 

0 

Piexyl chloride 

2 mg. 

i 86' 

el. papules over 17 X 12, 100' 
22 X 10 -ri, knobby, 

V- m, el., 120' 

26 X 26 4-+. enor. swol., 
umbilieate, 145' 

31 X 29 -M-i enor. swol., 

192' 


Neg. 

t» 


Neg. 

it 

ft 


5 

O'Chlorobea* 
zoyl chloride 

2 zng. 

No change 

<* •« 

29 X 24 
33 X29 

i«22' 

-Hhi, ni. tb, 

-L, -1^ t., II It 

40' 

100' 

Neg. 

11 

2 

0 

ff-Chlotoben- 
zoyl chloride 
2 mg. 

Ncg. 

25 X 19 
27X20 

i - 18' 
-H-i, si. el., 

» I* II 

3S' 

133' 

Neg. 


i 

! 3 

i Picryl chloride 
2 mg. ' 

i « 110' 

small scattered dots, 110' 

22 X 22 large spots 

ni' 

33 X 25 +, not el., ISl' 

53 X 40 =fc. •• •• 290' 


No change 

(t t» 

»t t< 


Ncg, 

<< 

•• 

3 

0 ■ 

■ 

i = 10' 

45 X 35 -i- (spotty), els. 

center, 17 X 15 10' 

43 X 43 -Hi:* cIs. center 

12, 13' 

Much faded, 50' 

Neg. 

Neg. 

4 

0 

o-Chloroben* 
zoyl guinea 

Neg. 

** 

25 X 20 

i = 10' 

-r. si. el.. 

3' 

Neg. 



50 mg. 









Anti-piciyl chloride. No, 1 

Anti-picryl chloride. No. 2 

Normal 

guinea 

pig 

serum 

5 

0 

Picryl chloride 
1 mg. 

i = 70' 

37 X 32 -f, prac. confluent, 
el., 99' 

70 X 48 i,v.wcUel., 2X' 

1 “ 170' 

36 X 35 i.sl.el., 

50 X 40 els., el.. 

2W' 

250' 

Neg, 
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In this experiment, along with sites receiving the dinitrochlorohcnzenc serum, there have 
been included sites prepared with two guinea pig sera taken after a course of injections with 
phthalyl chloride. Upon testing with “2:4 dinilrophenyl guinea pig scrum,” the homologous 
site, it will be seen, reacted promptly and typically, while one of the phthalyl sera gave a 
delicate cross-reaction, coming to expression more promptly and definitely when the amount 


TABLE III 

Experiment as in Table II 


Recipi- 

ent 

i 

Test injections 

Sera used in preparing shin sites 

1 Time 

Anli-2:t dinitro- 
chlorobcnzcne 

Anli-phthalyl 
chloride No. 1 

Anti-phthalyl 
chloride No. 2 

Normal 

gmnea 

pis 

scrum 

No. 

hrs. 






■ 

1 

0 i 

Dinitrophcnyl 

i = 12' 




H 



guinea pig 

22 X 20 +, si. el. 



Neg. 

ISi 



scrum 

28X2t -b, el. 



it 




10 mg. 

28 X 24 ±. “ 



14 







i => 168' 







Neg. 

Delicate patchy 

41 

208' 






erythema over 








18 X 13 







" i 

19 X is +, (mot- 

II 

268' 






tied), not el. 




2t 

Pbtlialy I guinea 


i » 9’ 

1 = 9' 





pig serum 

Neg. 

23 X 21 flat 

25 X 2S ±, si. el. 

Neg. 

12' 



10 mg. 


26 X 26 -f, si. el. 

33 X 30 -fi, V. 

II ^ 

27' 


! 




m. els 



2 

0 

Dinitrophcnyl 

i = 7' 

1 


i 




guinea pig 

31 X29 -b.ra. 

Neg. 


Neg. 

16' 



serum 

swol. 


i = 30' 





so mg. 

33 X 31 +, cnor. 

4« 

24 X 24 ±, deli- 


35' 




swol. 


cate erythema, 








ps.margin,sl.el. 





1 


«t 

26 X 26 -b, si. el. 

II 

40' 


2i 

1 Phthalylguinea 


i = 6' 

i = 6' 





' pig serum 

Neg, 

30 X 30 

40 X 40 -b-b-b, 

Neg. 

10' 



1 so mg. 


m. el. 

m. els 






«< 

50 X 35 -f+, V. 

48 X 45 -b-b, V. 


20' 



1 


m. el. 

m. el. 







55 X 42 ±, swol. 

S5 X SO ±, swol. 


30' 


of conjugate was increased fivefold (recipient 2), and the other phthalyl serum did not respond 
to either test dose. Injection of “phthalyl guinea pig serum” on the following day caused 
both of the homologous test sites to respond within 10 minutes, and without evident diminu- 
tion in the case of the serum which had exhibited the cross-reaction. Despite the partial 
crossing, which will be discussed later, the reactions e.xhibited, therefore, the attributes o 
serological specificity, in that the homologous antigen-antibody reaction was the greater. 

Specificity of the Transfer Reactions 

Reactions of absolute specificity were presented in Tables I and II. In 
several cases cross-reactions of varying magnitude were seen, paralleling those 
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encountered in actively sensitized animals. Observed instances and some 
e-xpectancies are recorded in Table IV. The cross-reactions can be ascribed 
largely to a substantial degree of configurational identity (see formulae), 
particularly among the products formed upon conjugation of the respective 
substances (e.g., phthalic anhydride, phthalyl chloride, citraconic anhydride) 
with proteins. These cross-reactions were not inconsiderable but were weaker 
than the homologous ones and on the second injection the reactions were 
specific, an effect comparable to a serum made specific by absorption with a 
heterologous antigen. Such a case is illustrated, in Table V, which shows an 
outstanding instance of cross-reactivity, almost surely reflecting similar chem- 
ical configmations, namely that between citraconic anhydride and phthalyl 
chloride (or similarly phthalic anhydride). 


CH, 


Q 


C 

\ 


o 



o 


Citraconic anhydride 


O 

H ^ 

I ii 

HC 5 . yCv /Cl 

H \ 

o 

Phthalyl chloride 


With respect to cross-reactions seen in actively sensitized guinea pigs, it is evident that 
treatment of guinea pig skin with various simple substances, for sensitizing and for testicg, 
will lead to the formation of corresponding conjugates all having in common a moiety, prob- 
ably protein, with cavy specificity. Experience with artificial conjugated antigens (19), 
however, has shown the wisdom of selecting difierent protein components for the antigens to 
be used for testing and those used for immunizing in order to avoid reactions that depend upon 
structures other than the attached chemical radical. Such for instance would be areas of the 
protein surface having altered properties because of immediately contiguous sites of coupling, 
or spatial structures at the points of attachment, including the basal portion, but not neces- 
sarily the entirety, of the attached radical, together with the neighboring portions of the pro- 
tein molecule. Cross-reactions attributed to both these t>'pes of configuration rather than 
to the whole structure of the attached radical, have been described (19: see pp, 158, 159). 

-Among our animals, phthalyl chloride in particular led to broad sensitivity, although the 
homologous reaction was strongest by far. It would seem that some of the cross-reactions 
■Bay have occurred by reason of configurational structures smaller than the entirety of the 
simple substance; e.g., reactions in those aninuils sensitized to phthalyl chloride given by 
picryl chloride or by picryl casein, the latter at times even leading to anaphylactic shock upon 
intravenous injection. Citraconic anhydride and o-chlorobenzoyl chloride, and their respective 
conjugates with proteins, have been fax enough apart in structure not to give cross-reactions. 

The cross-reactions found upon transfer with serum (Table I\0 have practically duplicated 
in scope, and in relative intensity, those observed in the actively sensitized animals. Thus, 
the seta from phthalyl chloride-treated animals exhibited the broadest range of reactivity, 
swing cross-reactions even with picrji and dinitrophenyl groupings {cf. Table III), likewise 
when the picryl groupings were attached to casein. The available transfer sera to o-chloro- 
n^nzoyl chloride exhibited less crossing than did tests on guinea pigs actively sensitized with it. 



500 


SENSITIZATION WITH CIIEIIIGVI. COMPOUNDS. X 




. MERRILL W. CHASE 


501 


despite its partial configurationai relationship with substances such as phthalyl chloride and 
phthalic anhydride. Closer interpretation of such cross-reactions as shown in Table IV re- 
quire, of course, studies with seta of precisely known antibody content. Skin testing with 
preformed conjugates would offer a choice of protein moieties and accordingly the opportunity 
of testing whether reactions are directed only toward the attached chemical radical. 

In studying cross-reactivity of sera by passive local sensitization of normal skin, it is to be 
pointed out that the capacity of a skin area to react may become temporarily exhausted, for 

TABLE V 

Passtze Local Sctisilizalion of Norvtal Skin by Sera from Guinea Pigs SensUizcd to Cross~Reacting 

Substances 

Sera injected intracutaneously in amounts of 0.15 cc. Test substances (1 mg.) given 
subcutaneoudy in 0.25 cc, com oil on the 2nd and 3td days respectively. 



Test injections 

Sera used in preparing shin sites 

Redpi- 

eat 

Time 

Substance 

AnU-<itracotuc anhydride 

Anti-^jhlhalyl chloride 

Konnal 

guinea 

pig 

serum 3 

Kormal 

guinea 

Piz 

seruni4 

.Vo. 

hrs. 








i 

1 

0 

Citraconic 

anhydride 

75 X62 

i « a* 

4^*el.,sott, 23' 

22 X22 

i ** 13' 
flat. 

43' 

Keg. 

Keg. 


u* 

Phthalyl 

chloride 

1 

Keg. 

27 X27 

i « 40' 

cl.. 

75' 

Keg. 

Keg. 

2 

0 

1 

Citraconic I 
anhydride 

75X-IS 

i - 7' 

-f-p.el., 27' 

23X23 

i-12' 

■f, si. el.. 

27' 

Keg. 



2i* 

Phthalyl 

chloride 


Keg. 

25 X2S 

i-45' 

'4', 9 I. el., 

90' 

Keg. 

Neg. 

3 

mm 

Phthalyl 

chloride 

29X3T 

i - 21' 

43' 

42X35 

el.. 

+++, cnona. 

43' 

Keg. ; 

Keg. 


1 

Citraconic 

anhydride 

79 X W 

i - 3' 

++,sl.ei. 15' 


Keg. 


Keg. 

Keg. 


• All sites appeared normal at 24 hours. 


as long as 6 to 8 days, foUorving a reaction; this circumstance may lead one at times to erron- 
eous conclusions when a subsequent stimulation fails to develop another reaction in the area. 

Transfer Effects with Common Antigens and the Corresponding Antisera 

The fact that the reactions can be elicited by injection of protein conjugates 
and not only by the simple compounds themselves naturally suggested a com- 
parison with sera produced with other types of antigenic substances. Actually, 
reactions of the same type were seen when guinea pig sera prepared against 
horse serum and against low ragweed were compared directly with a serum 
obtained after a course of intracutaneous injections of citraconic anhydride 
(Table VI). No matter what the sequence of injecting the corresponding 
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test substances was, at each test the homologous prepared site was the only 
one to respond; further, the responses occurring in the different local areas 

T/VBLE VI 

Passive Local Sensitization of Normal Skin by Various Guinea Pig Sera 


Sera injected intracutancously 2 daj’s before, in amounts of 0.05 cc. (No. 1) or 0.15 cc. 
(No. 2). Test substances inj'ectcd subcutaneously. 


1 

Test injections 

Sera used in preparing skin sites 

Recipi- 

ent 

Time 

Substance 

Anti-citraconic 

anhydride 

Anti-ragweed 

AnU’-horsc serum 

Normal 

guinea 

pig 

serum 

No. 

1 

hrs. 

0 

Horse serum 
t cc. 1:2 

Neg. 

Neg. 

i - IS' 

31 X 25 -b+, ni. cl., 
29' 

44 X 30 -b, m. swol., 
51' 

44 X 30 ±, v.sl. cl., 
120' 

Ncg. 


1 

2 1 

Ragweed ex- 
tract 1 cc. 
“2.5%" 

Ncg. 

i - 8' 

22 X 13 -b, 

13' 

23 X 20 ±,61. 

29' 

No change 

Ncg. ■ 


4 

Citraconic an- 
bydride 1 mg. 
in 0.23 cc. oil 

i ■» 4' 

70 X 34 -f-b, cl., 
gray umbilicatc cen- 
ter it X 16, 14' 

75 X 16 cIs., m. el., 

35' 

1 

1 

i 

1 

Ncg. 

I — 

2 

0 

! 

Citraconyl 
conjugate 
with guinea 
pig serum 15 
mg. in 1 cc. 
saline 

1 i = 12' 

25 X 25 ++, el., 

25' 

23 X 23 al. els., si. el., 
ISO' 

Neg. 

Neg. 

Neg. 


3 

Ragweed ex- 
tract 1 cc. 
“7%’' 

No change 

/ 

i =■ 15' 

25 X 25 -b. 

42' 

27 X 27 ±, 

SO' 

tr., ISO' 

Ncg. 

Ncg. 


' 6 

1 

Horse serum 

1 cc. 1:2 


No change 

i =. 23' 

30 X 25 -b, cl., 48' 

Ncg. 


followed closely a common pattern. One will note that “citraconyl guinea 
pig serum,” a preformed conjugate, elicits the reaction just as does the highly 
reactive chemical substance itself. 


Other types of common antisera produced in guinea pigs and rabbits were investigated in 
the same manner (4) and upon intracutaneous inj’ection were found to prepare cavy skin or 
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local reactions. In the case of immune sera from rabbits, as contrasted with sera from guinea 
pigs, zonal phenomena have been encountered with respect to the relative quantities of anti- 
body and antigen to elicit optimal responses in guinea pig skin. Apart from problems posed 
by the toridty of rabbit serum— lea than half of the guinea pigs injected with undiluted 
rabbit antiserum have proved useful in that they have shown only transient, mild erythema 
with suitable recovery within 2 or 3 days — we have usually found it advisable to prepare the 
skin with rabbit immune sera diluted 1 : 5 to 1 :30 irf. 4). Both guinea pigs and rabbits, after 
injections of dead tubercle badili in a hydrocarbon vehicle, have produced sera, largely of 
anticarbohydrate specificity', which give immediate local reactions of the type described above 
following subcutaneous injection of old tuberculin; this study is still in progress. 

Passive Sensilizalion of llte EiUire Skin 

For preparation of the skin, the local injection of antibody may be replaced, 
less satisfactorily, by subcutaneous, intraperitoneal, or intravenous injection 
of larger quantities of the same immune serum, the skin being then generally 
reactive (and responsive to successive tests over a period of several days). 
Here also, the reactions are eiythematous, edematous, and transient, but they 
have been less sharp and discrete than in passive local sensitization of the skin. 
For instance, quantities of the order of 25 cc. given intraperitoneally 1 or 2 
days before testing of the skin can be used in place of local injections; e.g., 
with citraconic anhydride immune serum. In this case, the skin responses 
can be developed either by scratch testing with citraconic anhydride or by the 
intracutaneous injection of preformed conjugate, as “dtraconyl guinea pig 
serum.” 

Transfer eaperiments of this nature, with antiprotein sera, were conducted previously by 
Dienes, who injected large amounts of high titered homologous antisenun into normal guinea 
pigs by the intraperitoneal route and studied the development of the “evanescent type” of 
skin reaction in response to intracutaneous injection of the corresponding antigen (20; </. 
21). Ramsdell (13) likewise on occasion gave antibody intraperitoneally, or subcutaneously, 
and made a test injection of antigen in the ear or intracutaneously on the abdomen; at the 
same time, trypan blue was injected into the blood stream in order to facilitate reading of the 
reactions; her chief experiments are described below. More recently, Fell, Rodney, and 
Marshall (22) have employed trypan blue similarly in transfer experiments in the rabbit. 

Tramfer Reactions and the Use of Vital Dye 

Ramsdell (13, 17) carried out transfer experiments in gtunea pigs and rabbits 
with immune serum against horse serum prepared in both species, and cleverly 
employed an intravenous injection of trypan blue immediately prior to the 
test injection of antigen, so that the area participating in the immediate sVjn 
reaction became delineated by local accumulation of dye in consequence of 
alteration in capillary permeability owing to the antigen-antibody reaction 
(c/. 23). In her e.xperiments, the ears were found to offer the most sensitive 
lest areas, but a few tests were made on the belly skin on the guinea pig. The 
ear of both the rabbit and the guinea pig could be passively sensitized by local 
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injection of antibody, and the reaction elicited by the injection of antigen into 
the same or a contiguous site (13, 17, 24, 25). Other findings are described 
later; here it may be remarked only that the method was sufliciently sensitive to 
demonstrate reversed passive reactions, that is, the occurrence of reactions 
immediately upon injection of antibody into the skin, the antigen having been 
injected intravenously at a prior time. 

Using in place of trypan blue the less diffusible dye pontamine sky blue 6B, 
freed from salts as described by Parsons and McMaster (26), we made several 
attempts to employ an intravenous injection of the vital dye in the hope of 
identifying in the sera of our sensitized guinea pigs antibodies present in lesser 
concentrations than were detectable visually. It eventuated, however, that 
sub-erythema reactions were not demonstrable by use of the dye. (More 
promising were some trials at building up the antibody concentration in a 
limited area of the skin, by depositing in it on each of 3 successive days three 
closely adjacent blebs of undiluted antiserum, and testing on tlie 4th day.) 

In these experiments, various dilutions of a few types of guinea pig antisera in saline or in 
normal guinea pig serum were used for preparing skin sites, and some recipient animals were 
tested with the specific allergenic material alone, others with this and dye in addition.* With 
preparatory injection of antibody in the skin of the back, it eventuated that blueness developed 
in the various sites with intensities (and with speeds) varying with the preparatory concentra- 
tion of immune serum, and the manner of development of the reactions was portrayed deli- 
cately, but the dye would accumulate only in areas of antibody concentrations capable of 
showing visible reactions without the dyestuff. A preliminary, direct comparison of the ear 
and the skin of the back with use of vital dye yielded essentially equivalent effects, and while 
our presumptive hope might have been realized by more extended tests on the ear skin (cf. 
17), these were not pursued, for the latter site was not suitable for the bulk of the work, such 
as comparative testing of several sera at one time, and the dye method itself was obviously 
inapplicable when successive tests were to be made on one recipient. 

Antibody Concentrations; Quantitative Relations in Eliciting the Reaction 

As for the concentration of antibody in guinea pig sera which effect local 
cutaneous transfer, reactions in the case of tlie better sera were obtained in 
sites prepared with 1 : 8 to 1 : 30 dilutions in saline or normal serum. Antibodies 
were at times demonstrable in ring tests with soluble protein conjugates (as 
also in artificial agglutination tests using as agglutinogen soluble protein con- 
jugates adsorbed to collodion particles^), but in other cases have not been surely 

* The technique, as adapted from unpublished data wliich Dr. Philip hlciMaster kindly 
made available, is as follows; 1.5 mg. pontamine sky blue 6B in 1 cc. saline was injected intra- 
jugularly into a prepared recipient guinea pig of about 300 gin. weight (5 mg. per kilo) at a 
time when the reaction could be expected to commence within the succeeding 20 to 30 minutes, 
accordingly, in some cases the subcutaneous test injection preceded rather th.an followed the 
dye injection. Injection of the dye should, however, be made prior to the development of a 
visible erytliematous reaction, for local edema hinders accumulation of the dye. 

’’ The collodion particles were kindly supplied by Dr. Jules Freund (27). 
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detectable except by actual trial in skin transfer experiments, which therefore 
has been the method of choice (c/. 28, 25). 

Anaphylactic antibodies were present in far higher concentration than in. the sera studied 
previously (1), where t cc. amounts of the best antisera to picryl chloride, and usually 3 cc. of 
the common antisera, were necessary to give, upon injection into a normal female gvunea pig, 
demonstrable sensitiaation of uterine horns in the Schultz-Dale test; and transfer was not then 
feasible with sera from animals treated with 2:4 dinitrochlorobenzene. The higher concentra- 
tions of antibody now developed to both of these substances have been, we may conclude, 
the result of successive restimulations with the allergens over a longer period and of a 
method allowing readily a more careful selection of sera. In particular, it was now found that 
upon transfer of antiserum developed to 2:4 dinitrochlorobenzene (4 cc.) the normal recipient 
anim.ll developed definite anaphylactic symptoms when injected intravenously on the next 
day with 20 mg. dinitrophenyl guinea pig serum. With the other substances studied in the 

T.ABLE VH 

Passive Anaphylactic Transfer with an Antiserum Obtained after 
Injections of Citraconic Anhydride 

Serum injected by intraperitoneal route, diluted to a total volume of 3 cc., 24 hours before 
the test shown; the recipients weighed 340 gm. 


Redpitot 

Volume of 
serum Injected 

Intravenous injection of 5 dtraconyl guinea pig serum 

Nc. 

1 


Typical aaaphylaxii Death 3' 

2 


tt 41 44 

3 


«• <C 4« ^4 

i 


Cougli3,ietlu» severe convulsion; survived 

s 


Kegative 


oresent paper, the antibody level attained will reflect their greater chemical reactivity, as well 
as the length of the sensitization period. As seen in Table VH, fatal anaphylactic shock was 
demonstrable on the day following transfer of 0.5 cc. of one sertun developed to dtracom'c 
anhydride. The antibody levels may he compared with the findings in the quantitative ex- 
periments of Kabat and Boldt (29) on homologous passive transfer with sera from guinea pigs 
immunized with ovalbumin: with their sera of high antibody content secured by means of 
tbe Freund adjuvant technique and supplementary courses of injections as well, it may be 
calculated that 0.1 to 0.15 cc. xvas necessary to lead to fatal anaphylaxis. With an anti-horse 
serum guinea pig senun prepared by us with the same adjuvant method, but less intensively, 
only 0.2 cc. was necessary to induce a sensitivity that resulted in fatal shock within 5 minutes 
when 0.1 cc. horse serum was injected intrajugularly 24 hours later. 

The efiect of varying the amounts of an antiserum and of its corresponding test substance 
(dttaconic anhydride) is shown in Table VUL .As less of the test substance was employed, 
both the aze of the reactions and the degree of edema decreased, and this effect was the more 
marked the smaller the amount of antibody used for preparing the site. IVTien so little chemi- 
cal allergen was used that reactivity was not elidled (redpient 4), the site remained as it 
were poised, and responded to a later adequate test. When, however, the amount of allergen 
was such as to induce some partial reaction (redpient 3), tins amount sufficed to exhaust the 
reactivity. The same situation held when the experiment was repeated with an anti-horse 
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scrum guinea pig scrum and varying amounts of horse scrum were used to elicit the rcacdon. 
In both eases, the smaller amount of antibody required a greater amount of allergen or protein 
in order to cause a reaction, a rclationshij) which apjjcars to differ from tliat obtaining in the 
transferred Arthus i^hcnomenon in the rabbit (15). Had the concentration of antibody in the 
serum been considerably higher, as in rabbit immune serum, the highest test dose might well 
have given only a transient graying of the skin, and complete discharge (“flash” reaction). 

TABLE VIII 

EJfcci of Viirysiig the Amounts of Antiserum and Allergen on the Transfer Reaction 
Skin sites prepared witli 0.15 cc. of dilutions in saline of an antiserum developed by courses 
of injections with citraconic anhydride. One day later, the various amounts of citracom'c 
anhydride were deposited subcutaneously in 0.25 cc. of corn oil. On the day after the re- 
corded reaction, the skin sites again appeared normal. Only one measurement is given when 
both diameters were alike. 


Rccipi- 

Test 

Skin sites prepared with scrum 

Time 


(lose 








0.1 cc. 

0.05 cc. 

0.025 cc. 

0.0125 cc. 
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No. 






■ 

1 

2 mg. 

i = 8' 

i - S' 

i «=• S' 
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70' 
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0.1 mg. 
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7 ±, notel. 

0? 
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0.02 mg. 
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Observations on the Nature of the Antibody 

There is, as described, a relatively high concentration of anaphylactic anti- 
body in the transfer sera. The question whether various antisera of one spe- 
cificity exhibit a constant relationship between the quantities conferring passive 
anaphylactic transfer and local cutaneous preparation of tlie skin was not 
answered definitely, because of technical obstacles, but no sharp differences 
were observed {cf. 17). This relationship has been questioned in several re- 
ports, as (14), and in studies of some human antibodies (24, 25, 30). 
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la a few experiments with heating of the transfer serum, there was no clear- 
cut heat lability such as is seen in the case of the human antibodies termed 
“reagins” with reference to their property of sensitizing normal human skin 
(cf. 31) and as is reported to occur in the sera of cows actively sensitized with 
extract of ragweed pollen (32). Rather, we observed that with progressive 
heating the activity of the sera declined gradually. With an antiserum de- 
veloped by injections of citraconic anhydride, heating at 60°C. for 30 minutes 
evidently destroyed half or more of its activity, but the serum was still weakly 
active when the heating was prolonged at 60° to 1 hour or was done at 63° 
for 30 minutes. With a guinea pig antiserum to horse serum, the activity was 
reduced by two-thirds upon being kept at 65° for 2 hours, but there was almost 
no alteration upon heating at 56° for 4 hours, a treatment usually found ade- 
quate to “destroy” the reaginic antibodies in human sera. The effectiveness 
of heat in altering human reaginic sera likewise in part may depend upon con- 
centration of antibody: thus in the experience of Schmidt and Lippard (31) 
heating at 56°C. had to be prolonged to 7 hours with one human sermn out of 
thirteen, and it was foimd that this particular serum had the highest concentra- 
tion of antibody. As far as the guinea pig antisera are concerned, it would 
seen unwise at present to view the portion first rendered ineffective by heat 
as belonging in a special ‘fiabile” category. 

DISCUSSION 

In the foregoing it is shown that guinea pigs sensitized to some simple chem- 
ical compoimds have circulating antibodies which are capable, upon transfer, 
of inducing skin reactivity of the immediate type.* After the maimer of 
testing used with human reagins, the reaction can be elicited in the prepared 
sites either by local application of reactive materials as in the Prausnitz-Kiistner 
test or by injection at a distant point as in the “Fernaitslosting” reaction of 
Jadassohn and others (cf. 33, 34, 35). The reaction in guinea pig skin consists 
of erythema, often spreading pseudopodiaUy, and marked edema, aU developing 
in the course of some minutes under proper conditions of test and receding 
within an hour or so. The reaction imdoubtedly is the same as the “evanes- 
cent” type studied by Dienes (20, 21) in guinea pigs sensitized to egg white, 
and it reproduces the “wheal-and-erythema” type of reaction observed by 
Jacobs et al. (6, 8, 9) on animals actively sensitized to anhydrides. 

Early reactivity upon contact with the incitant is not commonly encountered 
in hypersensitiveness to simple chemicals, although such effects have been ob- 
served. Very definite reactions occurring after a short time were found in 

* The experiments here presented deal vrith the transfer of reactions of the immediate tjpe; 
studies on the transfer of reactions of the delayed (contact dermatitis) type have been com- 
municated preliminarily (3), in which case the mechanism of transfer involves the transfer of 
'thite cells from the sensitized animals rather than of their serum. 
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guinea pigs by Jacobs (9), who used as sensitizers anhydrides such as citraconic 
anhydride or, with less effect, an acyl chloride. In human beings immediate 
reactions have been described with salvarsan (36, 37) and, in a case of exquisite 
hypersensitivity to formaldehyde, Horsfall experienced reactions within 10 
minutes after contact with 1:30,000 formaldeliyde solution.^ Also, in a pa- 
tient sensitive to phthalic anhydride Kern (16) saw wheal reactions within 
20 to 30 minutes after making a scratch test, and in a more extensive study 
Feinberg and Watrous (38) observed immediate reactions to chloramine-T 
(sodium /(-toluenesulfonechloramide) and to halazone (p-sulfonedichloramido- 
benzoic acid) in factory workers who had become sensitized to these compounds. 
Also, patients giving immediate reactions to sulfathiazole (39) and to sul- 
fadiazine (40, 41) have been studied e.xperimentally. Kern (16) with phthalic 
anhydride, Feinberg and Watrous (38) with chloramine-T and halazone, 
Shaffer, Lentz, and McGuire (39) with sulfathiazole, Whittemore and de 
Gara (40) and Sherman and Cooke (41) with sodium sulfadiazine, and Ens- 
bruner (37) with salvarsan — see also Biberstein (42) — have all reported passive 
transfer of reactions of the immediate type in skin sites prepared with serum 
from highly selected allergic individuals. Such positive reports are, however, 
relatively rare in the extensive studies on human allergy, and most observers 
have failed in their attempts. Consequently for long only minor consideration 
was given in the literature to affirmative statements. 

The contrast between the ease with which transfer can be effected in e.xperi- 
mental animals, once the method has been established, and the generally 
negative transfer e.\'periments in human beings is probably to be explained by 
the necessity of securing sera with a sufficiently high concentration of antibodies 
and by working with substances of high chemical reactivity. With regard 
to the first point, the animals that produced active serum had been subjected 
to fairly prolonged treatment, like the factory workers mentioned by Kern, 
and by Feinberg and Watrous, and the potency of the sera varied according 
to the time at which they were drawn. Secondly, as to the nature of the sub- 
stances used, potent transfer sera (and sera allowing passive transfer of anaphy- 
laxis (7, 1)) were most readily obtained, and reactions in prepared skin sites 
took place most quickly with substances of high reactivity, such as acyl chlor- 
ides and anhydrides, and in this category would be included both phthahc 
anhydride (16) and chloramine-T (38), although interpretation of the latter is 
at the moment puzzling. 

But even with the less reactive compounds the presence of transfer anti- 
bodies was demonstrable: although the reactions following injection of the 
simple compounds might be delayed for some hours or even fail to develop, 
typical effects were seen when the releasing injection was made not with the 

“Horsfall, F. J., Jr., personal communication. 
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simple compound but with a protein conjugate thereof. In this manner trans- 
fer reactions were effected not only with the sera of guinea pigs treated with 
picryl chloride but also with guinea pig antisera against the typical human 
allergen 2:4 dinitrochlorobenzene. Anim als being sensitized with the less 
reactive allergens, therefore, may possess such circulating antibody but may 
fail to reveal it either by early responses to intracutaneous test or through 
transfer attempts with their serum, unless there are available readily reactive 
conjugates or analogues of the substances in question. It may be anticipated, 
therefore, that the detection of early-type reactivity in human cases likewise will 
depend on the nature of the chemical allergen or on the use of preformed con- 
jugates for testing. 

Since the corresponding protein conjugates served so well to elicit the re- 
actions, antisera to horse serum and to ragweed extract were prepared in guinea 
pigs for comparison. Such sera gave the same type of reaction, but as in the 
case of drug hypersensitivity sera it was necessary to continue the immunization 
of the guiuea pigs for 7 to 9 weeks; with the adjuvant technique of Freund (11), 
however, adequate concentrations of antibody to horse serum were obtained 
regularly. Rabbit antibody of several specificities (4) was found to sensitize 
guinea pig skin in the same way; for preparing skin sites it proved best to dilute 
powerful precipitating sera five- to thirtyfold. The effect of this, according to 
the values for antibody content given by Kabat and Boldt (29), would be to 
reduce the antibody concentration down towards the level that is met with in 
guinea pig immune sera. 

Transfer of antiprotein sera from the rabbit and guinea pig into guinea pigs 
for the study of cutaneous reactivity had been made by Dienes (20, 21) and by 
Ramsdell (13, 17), as described above. The method selected by Dienes — 
intraperitoneal introduction of large amounts of antisenun — allowed careful 
observation of the “evanescent” type of reaction and served well for his specicd 
studies but in our hands has not yielded nearly so sharp reactions as has the 
local preparation of the skin. Ramsdell, working with sera which probably 
contained lesser concentrations of antibody than we have selected for use, but 
employing an intravenous injection of trypan blue to delineate local cutaneous 
reacti\*ity and selecting a sensitive site (the ear skin), likewise injected anti- 
body intraperitoneally, or subcutaneously, and tested the skin; she could 
demonstrate even reversed passive reactions. Later, the ear skin of normal 
guinea pigs was sensitized locally by injection of antibody, and the reactions 
were elicited a day later by injecting antigen into the prepared site and trypan 
blue intravenously or giving intravenously a mixture of antigen and trypan 
blue (17). By the latter procedure. Tuft and Ramsdell (24, 25) could detect 
antibodies in human sera from a case of horse-serum sickness,’" and at times 

“ Karelitz and Glorig (30) obtained reactions with such sera in the Prausnitz-Kustner 
test in human skin. 
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antibody in the scrum of asthmatic patients (43). Ramsdell, then, was the 
first to reproduce in guinea pig skin reactions “giving a counterpart in the 
e.\'perimental animal of the Prausnitz-Kiistner reaction in man.” The tech- 
nique of the present paper (4) lias since been used by Kulka and Hirsch (14) 
for testing rabbit antibody prepared against ragweed e.xtract, and most re- 
cently Parventjev, Goodline, and Virion (44) developed reactions in guinea pig 
skin sites prepared with rabbit antiserum to a bacterial nucleoprotein (from 
Hemophilus pertussis), by testing the skin sites 1 day later with local injections 
of the antigen. 

It would not seem improbable that the antibodies concerned in the cutaneous 
transfer in the guinea pig are the same as or are closely related to anaphylactic 
antibodies. This question has not been worked out on a sufEciently large scale. 
Several of the sera here used were tested for passive anaphylaxis, quantities as 
small as 0.25 to 0.5 cc. sufficing to induce the anaphylactic state, demonstrable 
by fatal shock upon intravenous injection of protein conjugates. When sera 
were heated, the skin-sensitizing activity was seen to fall off gradually as heat- 
ing was prolonged or the temperature was increased, without evidence of the 
clear-cut heat lability said to be characteristic of human reagins. After being 
maintained at 60° C. for 30 minutes, a procedure deleterious to reagins, a serum 
showed the loss of half or more of its skin-sensitizing ability, but was not en- 
tirely inactivated in the same period of time at 63° C. Whatever the nature of 
the antibody, it has proved possible with guinea pig antiserum against phthalic 
anhydride to reproduce in the guinea pig the transfer effects observed by Kern 
(16) with human serum from a patient sensitive to phthalic anhydride. 

The relative persistence of the transfer antibodies in guinea pig skin — 6 days 
to 3 weeks or more — also deserves mention, for it approaches the behavior of 
human reagins deposited in the skin of normal human subjects, and stands in 
apparent contrast to observations on the shorter period of retention of rabbit 
agglutinins and rabbit precipitins after injection of these into normal rabbit 
skin (45). There are some other points of difference, whether or not referable 
chiefly to different antibody levels attainable in the two species. For instance, 
in the rabbit there appears to be essentially no incubation period before the 
prepared site is capable of reaction (13), whereas there is an incubation period 
in the guinea pig of 7 to S hours. Again, the rabbit shows a transferred Arthus 
reaction, absolutely or in degree unlike the guinea pig. Species differences 
obviously come into play, and so they may in other instances, such as in com- 
parisons of human and guinea pig antibodies. 

It is evident that the production of transfer antibodies, although secured by 
use of a sensitizing procedure (repeated injections into the skin), is in part at 
least independent of the concomitant development of delayed-type skin re- 
activity, for these antibodies were found also in guinea pigs that had been 
injected intraperitoneally with picrylated stromata of guinea pig erythrocytes 
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but did not exhibit any contact-type skin sensitivity. In the same way, the 
immune sera recently reported by Cell, Harington, and Rivers (46) as having 
been developed in rabbits by courses of injections with interesting new sen- 
sitizing substances may be expected to behave like our guinea pig antisera in 
transfer e.xperiments. 

The sera which are useful are those with a sufficiently high level of antibody;” 
the output of antibody fluctuates and may well fall or remain below detectable 
levels. Hence a low or undetectable concentration of circulating antibodj’^ 
need not reveal a correspondingly low state of sensitivity of the tissues of the 
actively sensitized animals (for instance, with respect to the anaphylactic 
state or skin reaction ty), a correlation which has often been sought or inferred 
to nxist {e.g., 14, 47). 

Turning to the subject of specificity it may be said that the essentially specific 
nature of the reactions was clearly demonstrated in several cases, for instance in 
the reactions of citraconic anhydride and o-chlorobenzoyl chloride (Table I) 
and of the latter substance and picryl chloride (Table II), where no overlapping 
was observed. In other instances in which cross-reactions were encountered, 
e.g., phthalyl chloride-citraconic anhydride (Table V, cf. Table IV), specificity 
was clearly demonstrable on a second injection made at a later time, since a 
prior testing with the heterologous substance left a substantial residual re- 
activity for the homologous compound, which is evidently akin to partial ab- 
sorption in vUro. The strongest cross-reactivity mfet with, namely between 
citraconic anhydride and phthalic anhydride or phthalyl chloride, is plausibly 
referable to chemical similarity of the substances, all being derivatives of di- 
basic acids with adjacent carboxyl groups. There were, besides, cross re- 
actions between compounds without obvious relationship in constitution, which 
occurred as well in the actively sensitized guinea pigs; i.e., a response to picryl 
chloride or to picryl casein being seen in animals sensitized to phthalyl chloride 
and in some measure in those sensitized to o-chlorobenzoyl chloride, and to 
o-chlorobenzoyl chloride in animals sensitized with phthalyl chloride. Here the 
explanation may be that the reactions were due more to proteins altered in a 
similar manner than to the radicals attached to these. 

In our hands, reverse transfer was not fruitful, namely securing a reaction by 
injecting allergen or conjugate some hours to a day prior to the local or in- 
travenous injection of antiserum. Although positive effects had been obtained 
by Ramsdell (13) in guinea pigs following intravenous injection of the antigen, 
with trypan blue to outline the reactions, we did not find the uiunodified pro- 
cedure at all promising, despite the fact that there is much to recommend it for 
some human (Voss (48, 49), Karelitz and Glorig (30)) and animal (50) e.x- 
periments. In one e.xperiment patterned after Voss, the best effect observed 

‘*Ttis is well expressed in the individual difierences observed among sera from cases of 
riiloranjine-T sensitivity by Feinberg and Wattous (3S: Table Hi). 
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was a colorless swelling over 28 mm., 3 hours after 1.5 cc. anti-horse serum 
guinea pig serum had been given intravenously, in a site injected the day before 
with 0.1 cc. undiluted horse serum; another site injected with 0.02 cc. horse 
serum remained essentially unaffected. 

Following a transfer reaction, a temporary local e.^haustion of the capacity of 
the skin to react was noted, lasting perhaps 6 to 8 days. It would seem that 
this e.\haustion of a skin area may be a secondary phenomenon, not reflecting 
failure of the antigen-antibody system to react. It may well be a vivid ex- 
ample of the mechanism underlying so called “non-specific antianaphyla.xis,” 
e.g., the occasional failure of tissues, as segments of small intestine, from guinea 
pigs sensitized to a multiplicity of antigens, to respond in the Schultz-Dale 
test to more than the first antigen tested (51-54). Its counterpart was prob- 
ably encountered by Ramsdell (13) in the ear of a rabbit activ'ely sensitized to 
horse serum, in which after a primary reaction to a 1 : 10,000 dilution of antigen 
tlie ear remained insensitive to reinjection for 2 days. It calls to mind, with 
regard to the “wandering” of urticarial reactions on a patient, the frequently 
encountered “skipping” of skin areas that have recently reacted (cf. 55). Other 
instances, in man, of temporary local refractoriness following whealing in 
normal skin are known and have been studied, both after specific Prausnitz- 
Kiistner tests (56) and after transcutaneous introduction, by electrophoresis, of 
certain drugs, pilocarpine and eserine in particular (55) ; such effects and those 
to be seen in guinea pig skin following specific reaction would appear to be 
closely alike. Pertinent theoretical conclusions have been presented by Al- 
exander, Elliott, and Kirchner (55). 

SUiniARY 

Evidence is presented to show that guinea pigs actively sensitized to simple 
chemical compounds form serum antibodies capable of sensitizing the skin of 
normal guinea pigs. Skin sites prepared as for the Prausnitz-Kiistner test 
develop immediate- type (“evanescent”) reactions with erythema and edema, 
upon subsequent injection of the corresponding simple compounds or protein 
conjugates thereof, and give effects resembling transferred reaginic reactions 
as seen in human beings. The antibodies were obtainable after sensitization 
by acyl chlorides, acid anhydrides, and also substances of lesser reactivity, 
picryl chloride and 2:4 dinitrochlorobenzene, which are human allergens. 
Observations are reported on the specificity of the antibodies and on various 
details of the reaction. 

Like effects result when antiprotein immune sera and their corresponding 
antigens are employed for the test, making it highly probable that the anti- 
bodies secured after sensitization to drugs result from immunization by con- 
jugates formed in vivo. 

The sera obtained after sensitization with simple chemical compounds readily 
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confer passive anaphylaxis, and their capacity for sensitizing the skin declines 
gradually with progressive heating. 

It was observed that following a reaction of substantial degree in guinea pig 
skin the area involved does not fully recover for some days its capacity to react, 
the effect being a manifestation, it would seem, of what has been termed “non- 
specific antianaphylaxis.” } 
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